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(54) Inductively coupled parallel-plate plasma reactor with a conical dome 



(57) A plasma reactor appropriate for fabrication, 
especially etching, of semiconductor integrated circuits 
and similar processes in which the chamber has a top 
comprising a truncated conical dome (1 30) and, prefer- 
ably, a counter electrode disposed at the top ofthe con- 
ical dome. An RF coil (180) is wrapped around the con- 
ical dome to inductively couple RF energy into a plasma 
within the chamber dome. The dome temperature can 
be controlled in a number of ways. A heat sink (1 38) can 
be attached tothe outside rim ofthe dome. A rigid conical 
thermal control sheath (212) can be fit to the outside of 
the dome, and any differential thermal expansion be- 



tween the two is accommodated by the conical geome- 
try, thus assuring good thermal contact. The rigid ther- 
mal control sheath can include resistive heating, fluid 
cooling, or both. Alternatively, a flexible resistive heater 
(270) can be wrapped around the dome inside the RF 
coil (262). The resistive heater includes a heater wire 
wound in a serpentine path that has straight portions 
overlying and perpendicular to the RF coil but has bends 
located away from the RF coil. The path prevents the 
heater wire from shorting the azimuthal electric field in- 
duced by the RF coil and also acts as a Faraday shield 
preventing capacitive coupling from the coil into the 
chamber plasma. 
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Description 

The invention generally relates to equipment for the 
fabrication of semiconductor integrated circuits and for 
similar processes. In particular, the invention relates to 
the chamber shape and to the heating and cooling of 
the reaction chamber for the processing of semiconduc- 
tors and to controlling the temperature of the chamber 
surface exposed to the process in such chambers while 
simultaneously providing electrical inductive andcapac- 
itive effects in the chamber. 

The fabrication of silicon integrated circuits was 
originally based upon thermally activated processes for 
both the deposition of material layers and their subse- 
quent etching to form horizontally defined features. In a 
thermal process, the uniformity of deposition is depend- 
ent on the temperature of surfaces exposed to the proc- 
ess, and variations in the temperature cause a variation 
in the rate of the process. Such temperature depend- 
ence detracts from process repeatabilily. Because of the 
increasing complexity and decreasing feature sizes, 
more and more semiconductor processing is being per- 
formed in plasma reaction chambers. The plasma, rath- 
er than equilibrium heat, provides the necessary activa- 
tion energy for various types of chemical processes and 
physical processes (sputter deposition and sputter 
cleaning), while still maintaining the silicon wafer at 
moderate temperatures so that deleterious thermally 
driven subsidiary effects are avoided. That is, an in- 
creased number of fabrication steps can be performed 
without producing deleterious effects due to tempera- 
ture, both the maximum temperature and the integrated 
thermal profile. 

Some early plasma reactors, particularly for etching 
and chemical vapor deposition (CVD) of single wafers, 
resemble the reactor illustrated in FIG. 1 . A wafer 50 is 
supported on a pedestal 52 enclosed within a vacuum 
chamber 54 having metallic walls 55, which are ground- 
ed. An RF electrical power supply 56 is connected to the 
pedestal 52 to excite a plasma of the gas supplied into 
the interior of the chamber 54. The grounded chamber 
walls 55 act as a counter electrode to the pedestal 52. 
The plasma-excited gas acts upon the wafer 50 to either 
etch it or to deposit a product of a plasma-activated re- 
action upon it. The pedestal 50 and chamber walls 55 
act as two electrodes to capacitively couple RF energy 
into the plasma. 

The geometry dictates that the RF-driven pedestal 
50 acts as a cathode and the large grounded chamber 
wall 55 acts as an anode. As discussed by Lii in "Etch- 
ing", ULSI Technology, eds. Chang et al. (McGraw-Hill, 
1 996), pp. 330-333, the pedestal 50 develops a negative 
DC potential V a relative to the grounded wall 55 of mag- 
nitude given by 




2 

where V p is the plasma potential, typically on the order 
of a hundred volts positive or less, A a is the surface area 
of the chamber wall 55 adjacent to the plasma, and A c 
is the area of the top surface of the pedestal 50. In the 
s common case of FIG. 1 with a small RF-powered cath- 
ode 52 and a large grounded anode 54, the area ratio 
is quite large and the cathode voltage V c is negative be- 
cause the DC plasma voltage is always positive. Thus, 
the equation can be simplified to 

P v C / 

It is thus seen that for large grounded chamber walls 
surrounding the plasma, the voltage V c on the pedestal 
50 can reach several hundred negative volts relative to 
both the plasma and the chamber wall 50, creating a 
significant diode effect and causing positive ions in the 
plasma to strike the wafer on the pedestal 50 at high 
energy. 

As wafer sizes have increased and demands for 
uniformity have intensified, the chamber geometry has 
changed to present a more planar geometry. See, for 
example, U.S. Patent 4,892, 753to Wang etal. foraCVD 
chamber and U.S. Patent 4,948,458 to Ogle for an etch 
chamber. As illustrated in FIG. 2, a counter electrode 58 
is positioned opposite to the pedestal 52 and its sup- 
ported wafer 50 across a gap that is substantially less 
than the diameter of the wafer 50. For example, the gap 
may be a few centimeters for a 200mm wafer. The coun- 
ter electrode 58 is typically grounded for etch applica- 
tions while the RF powering configuration is usually re- 
versed for CVD. Often the counter electrode 58 includes 
a shower head gas dispenser to uniformly supply reac- 
tion gas to the reaction zone adjacent to the wafer 50. 
In this design, the walls of the chamber 54, although 
usually grounded, assume less importance in the plas- 
ma and the chemical reactions. 

Chapman discusses the sheath voltages for the 
symmetric configuration in Glow Discharge Processes: 
Sputtering and Plasma Etching (Wiley-lnterscience, 
1980), pp. 1 56-171 . He also gives a more general ver- 
sion of Equation (1 ) which does not assume a grounded 
cathode, 




where and A, are the DC self -bias and the area of 
the first electrode and V 2 and A 2 are the corresponding 
values for the second electrode. 

Ogle et al. in the U.S. Patent 4,871 ,421 teaches the 
advantages of splitting RF power in a 50:50 ratio be- 
tween the pedestal 52 and the counter electrode 58 with 
respect to the grounded chamber wall 54 so as to avoid 
arcing to the chamber walls. In the Ogle reference we 
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observe vastly different sizes of the counter electrode 
and pedestal electrode, such as shown in FIG 1. Such 
a difference in the electrode sizes creates the above de- 
scribed diode effect even for split RF power. Again, the 
differently sized electrodes cause high-energy charged 
ions to be ejected across the sheath of the plasma, 
causing increased physical sputtering (ion etching) rath- 
er than purely chemical activation. 

Recent developments in plasma reaction chambers 
have been directed to high-density plasma (HDP) reac- 
tors in which large amounts of RF energy create a plas- 
ma having a very high ion density, typically above 
10 l1 crrr 3 . HDP reaction chambers provide high deposi- 
tion and etching rates as well as other advantages. 
There are several types of HDP reaction chambers, but 
the most popular involve induction coupling of RF ener- 
gy into the source plasma. Inductively coupled plasma 
reaction chambers can be divided into three main types. 

The first type ; as illustrated in FIG. 3, includes a hel- 
ical coil 60 wrapped around a dielectric sidewall 62, typ- 
ically of quartz, and powered by an RF electrical source 
64. The pedestal 52 continues to have its own RF source 
56. For oxide etching, a counter electrode 66 is ground- 
ed and is composed of silicon in order to scavenge flu- 
orine from the fluorocarbon plasma gas performing the 
etching. This approach is described generally by Collins 
et al. in U.S. Patent and European Patent Appli- 
cation 552,491 -A1 and Rice et al. describes a specific 
embodiment in U.S. Patent 5,477,975. Their specific 
embodiments will be described later i 7 and 8. The con- 
figuration including a helical coil necessarily increases 
the size of the walls surrounding the sides of the plasma 
region. As a result, unlike in reactors with closely spaced 
capacitive electrodes, wall interactions become impor- 
tant both for forming the plasma and for the deposition 
or etching chemistry. 

The second type of inductively coupled plasma re- 
actor chambers, as illustrated in FIG. 4, includes a pla- 
nar, spiral coil 70, often referred to as a pancake coil or 
stove top coil, placed outside a top, planar dielectric wall 
72 to be close and parallel to the waler 50. The pancake 
coil 70 is similarly powered by the RF source 64 to in- 
ductively couple power into the chamber plasma. For 
process control, the pedestal 52 may be RF biased. In 
the closely spaced configuration of FIG. 4, the chamber 
walls 74, which are typically conductive and grounded, 
are effectively decoupled from the plasma and its chem- 
istry because of their physical displacement and small 
size relative to the closely spaced planar coil 70 and 
pedestal 52. Examples of the pancake coil are disclosed 
by Ogle in the aforecited patent and by Marks et al. in 
European Patent Application 601.468-A1. 

The third type of inductively coupled plasma reactor 
chamber, as illustrated in FIG. 5, includes a hemispher- 
ical dielectric dome 80 positioned above the wafer 50. 
A concave spiral inductive coil 82 conformally following 
the shape of the doubly concave dome 80 is coupled to 
the RF power source 64 closely follows the shape of the 
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hemispherical dome. As should be recognized, the 
hemispherical geometry of FIG. 5 is intermediate be- 
tween the cylindrical geometry of FIG. 3 and the planar 
geometry of FIG. 4. Benzing et al. have disclosed the 
5 hemispherical coil in U.S. Patents 5 : 346,578 and 
5,405, 480 : and Sahin et al. have disclosed a similar but 
radially m u It i -curvature CVD reactor in European Patent 
Application 680,072-A2. 

All these chamber geometries present respective 
10 advantages and disadvantages. It should be noted that 
the inductive coupling of these various embodiments re- 
lies upon the coils 60, 70, 82 driven by their respective 
RF sources to induce an RF magnetic field within a por- 
tion of the reaction chamber containing the excited plas- 
ms ma. The RF magnetic field induces an orthogonal elec- 
tric field according to Faraday's law of induction 

|f=-VxE. (4) 

20 

As a result, the oscillating magnetic field, which gener- 
ally lies at least partially along the axial chamber direc- 
tion in the cases of the cylindrical and doubly concave 
domes, produces a rotary electric field within the plas- 
ms ma, that is, an electric field loop extending around the 
axial magnetic field and the electric field that closes on 
itself. This is alternatively called an azimuthal field since 
it has circular shape in a generally cylindrical geometry. 
The electrons circulating in the plasma along the rotary 

30 electric field lines collide with the plasma ions to keep 
the plasma in an excited state. 

In free space, the solenoidal (cylindrical) coil 60 of 
FIG. 3 provides a uniform axial magnetic field that would 
be desirable for uniform etching or deposition on the rel- 

35 atively large wafer 50. However, the plasma created by 
the RF magnetic field effectively shields the inner por- 
tions of the plasma inside the cylindrical chamber 62, 
especially at higher chamber pressures. As a result, the 
plasma density for the cylindrical geometry of FIG. 3 

40 tends to droop at the center. The planar pancake coil 70 
of FIG. 4 potentially avoids this problem by inducing an 
RF magnetic field across the radius of the cylindrical 
chamber. While the pancake coil offers some advantag- 
es for planar uniformity, it also presents a difficult con- 

45 figuration for inductive coupling, since the magnetic field 
lines created by the pancake coil need to close on them- 
selves, a disadvantageous electromagnetic configura- 
tion, especially near the center. 

The third type of inductive coupling involving a 

50 curved-dome configuration illustrated in FIG. 5 com- 
bines advantages of the first two types. The hemispher- 
ical coil 82 of FIG. 5 attempts to combine the advantages 
of the other two approaches. The geometry resembles 
the electromagnetically favorable helical coil, but a sub- 

55 stantial amount of power is coupled into the plasma 
above the central region of the wafer. Also, insofar as 
diffusion of species excited by the immertant, all parts 
of the wafer 50 are generally equidistant from the coil 
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82. Sahin et al. in the previously cited application have 
suggested multiple radial curvatures for the dome that 
could be used to further improve the uniformity. Howev- 
er, the curvilinear dome of FIG. 5, while offering superior 
processing capability, presents several mechanical 
problems. A curvilinear dome is difficult to form whether 
by casting or machining. Further, the dome needs to be 
temperature controlled by heating and cooling elements 
in intimate contact within the dome. Unfortunately, dif- 
ferential thermal expansion between the dome and the 
thermal control elements tend to disrupt effective ther- 
mal contact between them over the two-dimensionally 
curved surface. Further, although a pure dome is me- 
chanically strong, it is sometimes desirable to include a 
planar counter electrode at the top of a truncated dome, 
see Sahin et al. The resultant truncated curvilinear 
dome is structurally weak, and structural integrity is be- 
coming increasingly important for a vacuum chamber of 
larger size necessary to enclose 200mm and 300mm 
wafers. 

Collins et al. in U.S. Patent Application, Serial No. 
08/648,254, filed May 13, 1996 have suggested using 
a conical spiral coil, but the base of the cone is placed 
adjacent to a flat roof of the chamber, with the result that 
a large portion of the spiral coil is displaced far away 
from the chamber, thus decreasing RF coupling into the 
plasma. 

The portions of an inductively coupled plasma 
chamber adjacent to the inductive coil are in the prior 
art typically made of quartz. Although a metal (electri- 
cally conductive) wall would generally pass the magnet- 
ic field that the coil couples into the chamber, the circu- 
lating RF currents dictated by Equation (4) would be set 
up in the metal wall as well as in the plasma. Hence : the 
chamber wall is generally formed of a dielectric (electri- 
cally insulating) material. 

Quartz has always been favored for walls of a plas- 
ma reactor, especially for semiconductor processing 
equipment. Quartz can be made in very pure form. Its 
chemical composition is essentially silica (Si0 2 ), which 
is usually compatible with silicon processing. Other 
commonly available ceramics, i.e., alumina (Al 2 0 3 ) or 
sintered silicon carbide (SiC), commonly contain ele- 
ments having uncertain effects on silicon chemistry and 
semiconducting characteristics. 

Quartz however presents problems in advanced 
plasma reactors, especially oxide etchers for the semi- 
conductor industry. Oxide etchers must etch the insulat- 
ing layers of the substrate being processed, particularly 
layers of Si0 2 . As a result, the very chemistry that ef- 
fectively etches the wafer being processed can also ef- 
fectively etch the quartz wall. Furthermore; quartz tends 
to be a dirty material when it is etched since it is formed 
of small crystallites joined in a matrix. When quartz is 
etched, the etching tends to accelerate in localized ar- 
eas between the crystallites so as to undercut the un- 
etched crystallites, which are then liberated from the 
matrix and become particulates, which can eventually 



settle on the wafer. Particle contamination is an increas- 
ing problem as the feature sizes of integrated circuits 
shrink and the number of circuit elements increases. 
The etching of advanced integrated circuits, partic- 

s ularly oxide etching, has many severe requirements. Vi- 
as and contacts etched through oxide layers need to be 
narrow and deep, having aspect ratios of over 1:1 and 
sometimes 5:1 and greater. Etching is required that is 
highly anisotropic and very highly selective for silica 

10 over silicon. The thin layers require that the etching be 
highly selective to the underlying silicon so that the etch- 
ing stops once the oxide layerhas intensified the prob- 
lem of uniformity of etching over the wafer. 

Collins et al. disclose in the previously cited Euro- 
's pean application that the desired selectivity can be 
achieved by using a fluorocarbon etching gas, such as 
CF 4 , C 2 F 6 , or C 3 F 8 or a hydrofluorocarbon such as 
CHF 3 in combination with a silicon-containing counter 
electrode placed over the wafer in order to scavenge 

20 fluorine from the fluorocarbon plasma. This process de- 
posits a polymer over silicon but does not deposit it over 
silicon dioxide, thus protecting the silicon from etching 
once it is exposed. A similar differential polymer depo- 
sition on the walls of a via through silica produces nearly 

25 vertical sidcwalls. As postulated by Rico in U.S. Patent 
5,477,975 and in U.S. Patent Application 08/524 : 135, 
filed September 5, 1995, that process includes a de- 
pendency upon temperature, not only of the wafer, but 
also of the silicon counter electrode and of other cham- 

30 ber components among other process factors which 
may be involved. 

Reaction rates generally vary as a power of the tem- 
perature, usually in the range of T 2 to T 3 , and, in the 
spatially differential reaction process of selective etch- 

35 jng, variations in temperature can drive the process be- 
tween etching and depositing upon the various parts. 
For example, a start-up effect has been observed when 
a chamber is first turned on, say at the beginning of the 
day or after routine maintenance. Curve 90 in FIG. 6 

40 shows the etching rate for silicon dioxide and curve 92 
shows the corresponding etching rate for photoresist, 
both as a function of the number of wafers processed 
after the start of processing. The oxide etching rate in- 
creases with wafer number while the photoresist etching 

45 rate falls. Only after about 25 wafers have been proc- 
essed do the rates approach steady-state values. It is 
believed that the variations reflect the rise of tempera- 
ture of components within the chamber interior caused 
by the plasma processing. The effect can be circum- 

50 vented by using dummy wafers for the first run of the 
day, but this significantly reduces throughput. Also, less- 
er temperature variations can occur when the process- 
ing is interrupted for minor equipment failures or be- 
cause wafers are not immediately available. Hence, the 

55 temperature of many parts of the chamber need to be 
tightly controlled. Some past designs have attempted to 
control wall and component temperatures, but these de- 
signs need to be improved. 
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Furthermore, quartz presents a fundamental mate- 
rials problem It is a ceramic with poor thermal conduc- 
tivity, typically in the range of 0.5W/m-°C. Even it a tem- 
perature control body (heater/cooler) is applied to the 
exterior of the quartz chamber wall, the temperature of 
the wall side facing the reaction chamber may still be 
poorly controlled. This problem is exacerbated by the 
configuration of the cylindrical design of FIG. 3. A de- 
tailed embodiment of this configuration is illustrated in 
the cross-sectional view of FIG. 7 and the detailed 
cross-sectional view of FIG. 8. A cylindrical chamber 
wall 100 is surrounded by a cylindrical temperature con- 
trol jacket 102, in this case accommodating an solenoi- 
dal RF coil 104. The cylindrical chamber wall 100 rests 
on a lower chamber 106, generally a massive body ma- 
chined from aluminum, and the upper part of the cylin- 
drical chamber wall 100 supports a roof 108, which for 
oxide etching is preferably in the prior art composed of 
polysilicon. An RF connector 110 supplies RF power to 
the roof 108. A healer plate 112 is pressed against the 
top of the roof 1 08 and contains a spiral resistive heater 
powered through two electrical connectors 114, 116. A 
chilling assembly is pressed against the top of the heater 
plate 1 1 2 and includes a chilling plate 118 having at least 
one spiral groove 120 formed in itforacoolingfluid, such 
as chilled water. A cover plate 122 covers and seals the 
groove 120. 

Referring to FIG. 8, an annular resistive heater 1 22 
is embedded in a groove 1 24 at the bottom of the jacket 
102 to selectively heat the jacket 102 and hence the 
chamber wall 100, particularly when the RF coil 104 is 
not energized. 

An assembly gap 1 26 is formed between the cham- 
ber wall 100 and the thermal jacket 102 when the two 
are put together. The assembly gap 126 is required for 
two reasons, the need to slide the parts together during 
assembly and the inevitable differential thermal expan- 
sion between the two parts 100, 102. If the assembly 
gap 126 were absent, assembly would require complex 
procedures, and the parts, once assembled, would tend 
to crush each other under a sufficient difference in tem- 
perature. The assembly gap 126 creates a region 
across which thermal energy is poorly transferred, when 
compared with heat conduction in a conductive material. 
The rate of heat transfer is dependent on the size of the 
gap 1 26 and the pressure of the gas within the gap 1 26. 
That is, thermal expansion create variations in the gap 
and the resulting heat transfer rate across the gap. Fur- 
ther, the gap between cylindrical components is gener- 
ally not equally distributed around the cylindrical shape 
because of inevitable asymmetries, but is smaller on 
one side than on the other side. The variation in the gap 
causes a variation in the rate of heat transfer between 
the cylindrical bodies depending on size of the adjacent 
gap. Thus, the rate of heat transfer at different locations 
around the wall differs depending on the size of the ad- 
jacent gap. Furthermore, the cylindrical chamber wall 
has typically been made of quartz, a poor thermal con- 



ductor. These variations render the use of conventional 
modes of temperature control in this configuration less 
effective than desired when precise temperature control 
in a small range of temperature is required. 

5 The cylindrical chamber of FIG. 7 results in the gen- 

eral geometry of FIG. 9 of a cylindrical sidewall 1 24 and 
a top 1 26 of generally the same diameter. The diameter 
of a wafer area 128 is necessarily smaller than that of 
the chamber sidewall 1 24 and its top 1 26. The cylindrical 

10 sidewall 1 24 is good for supporting the vacuum-loaded 
weight of the top 126, but, as the top 126 extends over 
larger spans for large substrates, such as 300mm wa- 
fers, it is prone to bend inwardly unless made exces- 
sively thick. 

15 in the past, when chamber components have been 
replaced, in addition to the cold-start phenomenon, ad- 
ditional wafer cycling has been required to return the 
process to its baseline process performance. It is as- 
sumed that the new parts require some conditioning to 

20 achieve their final effect. Temperature instability due to 
the use of new components having new component in- 
terfaces is at least partially to blame for the need for ad- 
ditional thermal cycling to eliminate process drift and re- 
turn the process to a baseline performance standard. 

25 The invention is a plasma reaction chamber partic- 
ularly suited for fabrication of semiconductor integrated 
circuits and especially so for oxide etching. The cham- 
ber includes several related inventions among which is 
a chamber wall in the form of a truncated conically 

30 shaped dome positioned over and around the wafer 
The outside cone surface of the chamber wall in one 
embodiment mates with an inside sloped surface of a 
surrounding thermal control ring. The thermal ring rests 
on the outside of the conical chamber wall and can be 

35 configured to be urged against it to provide a sliding ther- 
mal interface between them. In this configuration, differ- 
ential thermal expansion between the wall and the ther- 
mal ring causes sliding along the conical angle of the 
interface surface, to thereby maintain the thermal con- 

40 tact regardless of temperature or expansion differen- 
tials. A conically arranged RF induction coil can be 
wrapped around the conical wall surface, or a flat or so- 
lenoidal RF coil can be wrapped on the top of the cham- 
ber. Either placement can be used to produce electrical 

45 fields in the chamber to induce a plasma, and the fields 
can be tailored to extend over the center portion of the 
wafer, thus improving plasma processing uniformity. 

The roof of the chamber in such a configuralion can 
be a dielectric, or can be a material which acts as a con- 

50 ductor or semiconductor which provides a flat surface 
to act as an electrode in a capacitive coupling arrange- 
ment, the pedestal being the other plate through which 
capacitive coupling is accomplished. Advantageously 
for dielectric etching, the roof can be made of a carbon - 

55 or silicon-containing material. 

The resistivity of the material of the chamber wall 
can be adjusted to permit effective penetration of elec- 
trical fields through the material (e.g., polysilicon or sil- 
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icon carbide) to effective induce a plasma in the 
processing chamber. 

The thermal ring can contain heating, cooling, or 
electrical field inducing elements. These elements can 
be present singly or in any of the available combinations. 
Fine temperature control of several elements allows bet- 
ter process control and uniformity. 

In one configuration, the heating element for the " 
chamber wall is adjacent to the outer conical wall of the 
chamber. The wiring of the heater element being in a 
serpentine pattern, the element being arranged in pri- 
marily an up and down pattern following along a set of 
lines which would pass from the apex of an untruncated 
cone to the base of the cone, referred to as being gen- 
erally vertical. The inductive coil to create the RF mag- 
netic and hence the electrical field that induces the plas- 
ma in the chamber is wrapped horizontally around the 
heater element, the coil conductors thereby being in a 
direction that is substantially perpendicular to the direc- 
tion of the predominant routing of the wires of the heal- 
ing element in the heater. The perpendicularly crossing 
wires create a Faraday shield to shield the chamber 
from capacitive effects of the inductive coil, while allow- 
ing the electrical field to be efficiently induced in the plas- 
ma. I n a layered construction the induction coil is located 
between the heating element on the inside and a cooling 
element on the outside. A thermally conductive dielec- 
tric member supports the induction coil and facilitates 
heat transfer to increase or decrease the temperature 
of the wall of the chamber inside the thermal ring. The 
progressive layers of the heater element, the induction 
coil, and the cooling element can be in separate struc- 
tures or can be sandwiched together in one bonded 
structure. 

The conical geometry allowsted in a planar flat flex- 
ible sheet, which is then conformally wrapped around 
the conical surface. 

When using a conically shaped chamber wall 
wrapped in a conically shaped windings of an induction 
coil, the top winding of the coil is closer to the center of 
the chamber than in a cylindrically shaped coil. The 
proximity of the top windings to the center of the cham- 
ber improves the uniformity of deposition across the 
chamber and tends to eliminate the reduction in field 
strength found at the center of chambers where only a 
peripheral induction coil is used. 

A chamber wall according to the invention exhibits 
reduced temperature variation in the wall of the process- 
ing chamber, to eliminate undesirable effects which in 
the past have tended to have a detrimental effect on 
process repeatability. 

A chamber according to the invention includes a 
chamber wall having a conical outer wall surface with a 
conically shaped induction coil. In the conical portion of 
the chamber is a frustum of a right circular cone and a 
top edge of the frustum of said right circular cone is 
spanned by a counter electrode having an area approx- 
imately equal to the surface area of a substrate face fac- 



10 

ing the counter electrode and located approximately op- 
posite to it. The helical shaped wire coils can be cen- 
tered on the substrate processing location. The roof 
member can be integral with the conical portion of the 
s wall. Useful materials for the wall and roof structure have 
good heat transfer properties, dielectric properties, and 
chemical resistance to the process chamber environ- 
ment. Acceptable materials include polysilicon, and sil- 
icon carbide. 

to The conical coil windings progressively expand and 
can have an approximately constant pitch or can have 
a variable pitch. A flat pancake type coil can be provided 
on the roof of the chamber or a vertical cylindrical (so- 
lenoid like) coil can be provided. The roof coil enhances 

is the uniformity of the electric field induced in the cham- 
ber. The conicaln be placed in parallel or in series with 
the coil located on the roof of the chamber. A conical coil 
can be easily wrapped on a winding jig having a spiral 
conical incline. A coil power adjustment circuit can be 

20 provided to set the effect of each of these coils. 

The invention may include a thermal heater in inti- 
mate thermal contact with the outside wall surface, the 
pattern formed by a heating element of said thermal 
heater is a serpentine path, preferably having a series 

25 of longitudinal clement sections routed approximately 
parallel to one another and each being approximately 
coincident with one of a series of planes containing both 
the central vertical axis of the heater and one longitudi- 
nal element. The central body of the heater each longi- 

30 tudinal section is connected to an adjacent longitudinal 
section through alternating patterns of top and bottom 
lateral stub connections, wherein said longitudinal sec- 
tions of said heater element are substantially longer 
than said lateral stub connections. The induction coil in 

35 this configuration is disposed proximate to the outside 
surface of the sidewall and outside of the thermal heater, 
such that the windings of the coil are routed around said 
central vertical axis of the vacuum processing chamber 
and generally parallel to the direction of the lateral stub 

40 connections and perpendicular to the longitudinal sec- 
tions of the heating element. The side wall and or the 
induction coil can be vertically shaped or can be coni- 
cally shaped. The sidewall being constructed of a silicon 
compound having a bulk thermal conductivity greater 

45 than a similarly configured sidewall constructed of sili- 
con dioxide (quartz) or silicon nitride, e.g., polysilicon or 
silicon carbide. 

In one configuration, the induction coil can be 
housed in a thermally conductive dielectric member 

50 having a conically shaped inside surface configured to 
provide surface contact for heat transfer between the 
outer wall surface of the wall of the chamber and the 
inside surface ofng movement between the outer wall 
surface of the chamber wall and the inside conical sur- 

55 face of the dielectric member accommodates motion 
due to changes and differences in temperatures be- 
tween the chamber wall and the dielectric member. The 
dielectric element can include a heating element to heat 
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said member and said side wall, the heating element 
can be located inside or outside the induction coil The 
heating element can be embedded in an outer cone 
shaped ring portion of said dielectric member, which is 
fixed to an inside cone shaped ring member through a 
thermally transmissive connection. A cooling ring can 
be attached to an outside surface of the dielectric ele- 
ment to be in thermal contact with said dielectric mem- 
ber, the cooling ring has a cooling fluid passage there- 
through to pass thermal transfer fluid. The cooling ring 
can be disposed adjacent to one end of the sidewalk 

A method of controlling the temperature according 
to the invention includes the steps of providing a side- 
wall of said vacuum processing chamber with a conical 
outer surface and providing a conical inner surface on 
a thermal source ring to mate in a sliding engagement 
with the outer conical surface of the chamber wall. Ad- 
ditional steps may include locating a heating member in 
thermal contact with a second side of said sidewall, hav- 
ing a primary orientation of a heater element pattern 
routed in a back and forth pattern with a substantial por- 
tion of said pattern of said heater element running ap- 
proximately parallel to one another, and the further step 
of providing an induction coil in a configuration to sur- 
round the chamber wall and the heating member, the 
wire of the induction coil windings being configured to 
run approximately perpendicular to the portion of the 
heater element running approximately parallel to one 
another The method may include the further step of pro- 
viding a cooling ring disposed adjacent to one end of the 
sidewall. A connection between the sidewall and the 
cooling ring being establishe electrical conductivity be- 
tween them. 

A method of maintaining the temperature of the 
sidewall of the processing chamber includes the steps 
of: providing a chamber side wall; providing an induction 
coil around the sidewall, the wire of the coil wrapped 
around and being configured perpendicular to a central 
axis of the chamber; and providing a heater element be- 
tween the coil and the sidewall, the heater element hav- 
ing a pattern where a substantial portion of the element 
runs approximately parallel to the central axis of the 
chamber and perpendicular to the wire in the coil. 

A method according to invention further involves the 
steps of providing a source of thermal energy to a ther- 
mally conductive sidewall of a chamber, simultaneously 
providing a heat sink connected to the sidewall of the 
chamber and varying the supply of thermal energy and 
the sinking of thermal energy to control the temperature 
of the sidewall at approximately a set temperature. The 
method includes the further step of simultaneously pro- 
viding an induced electrical field through the wall of the 
chamber, to cause gas in the processing chamber to 
form a plasma. The heating of the sidewall can be 
through a flexible heater placed in intimate contact with 
the sidewall and cooling can be done through a cooling 
ring located in one of several locations - at the bottom 
end of the sidewall, behind the heating element, at the 



top end of the sidewall, or at both the top and bottom 
ends of the sidewall, or any other similar combination of 
cooling ring locations. 

Structures and methods according to the invention 
5 provide a more precise temperature control in the cham- 
ber which enhances process repeatability by using a ge- 
ometric configuration of materials which are easy to 
manufacture and perform well in the process environ- 
ment. The selection of materials provides options for 
io variations in resistivity while maintaining the thermal 
performance needed to establish and repeat the thermal 
aspects of process parameters to a range of between 
plus and minus 5 and 20 degrees Celsius. 

The following is a description of some specific em- 
15 bodiments of the invention, reference being made to the 
accompanying drawings, in which: 

FIG. 1 is schematic side view of a capacitively cou- 
pled plasma reaction chamber of the prior art having a 
large ratio between the area of the substrate and the 
20 area of the counter electrode. 

FIG. 2 is a schematic side view of a capacitively 
coupled plasma reaction chamber of the prior art having 
the substrate and counter electrode being closely 
spaced. 

25 FIG. 3 is a schematic side view of a plasma reaction 

chamber of the prior art that is both capacitively and in- 
ductively coupled. 

FIG. 4 is a schematic side view of a plasma reaction 
chamber of the prior art having an planar inductive coil 
30 positioned over the wafer. 

FIG. 5 is a schematic side view of a plasma reaction 
chamber of the prior art including a hemispherical induc- 
tive coil positioned generally above the wafer. 

FIG. 6 is a graph showing etching selectivity as a 
35 function of wafer or time after a cold start. 

FIG. 7 is a cross-sectional view of a prior art 
processing chamber. 

FIG . 8 is a closeup view of a sidewall of the process- 
ing chamber of FIG. 7. 
40 FIG. 9 is a perspective schematic view of the rela- 
tive size of an upper counter electrode and a wafer sup- 
port pedestal electrode present in the prior art process- 
ing chamber of FIG. 7. 

FIG. 10 is a cross-sectional view of a processing 
45 chamber according to the invention. 

FIG. 11 is an exploded perspective view, partly in 
section, of the components ofthe chamber illustrated in 
FIGS. 10 and 12. 

FIG. 12 is an enlarged cross-sectional view of the 
50 embodiment of a conical sidewall of the processing 
chamber as shown in FIGS. 1 0 and 11 , the ring heating/ 
cooling member being a somewhat different shape. 

FIG. 1 3 is an enlarged cross-sectional view of a por- 
tion of FIG. 10 showing the center gas feed and thermo- 
55 couple. 

FIG. 14 is a perspective schematic view of the rel- 
ative size of an upper counter electrode and a wafer sup- 
port pedestal electrode present in a processing cham- 
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ber according to the invention as shown in FIG. 10. 

FIG. 15 is a schematic side view of the processing 
chamber components as shown in FIGS. 10-12 illustrat- 
ing the forces and movements generated during thermal 
cycling. 

FIG. 16 is a graph of the plasma uniformity both in 
the prior art and with the reactor of the invention. 

FIG. 1 7 is a closeup cross-sectional view of another 
embodiment of a processing chamber showing a lamp 
heated sidewall arrangement for the chamber as shown 
in FIG. 10. 

FIG. 18 is a stil! another embodiment of a flexible 
element heater configuration for the processing cham- 
ber as shown in FIG. 10. 

FIG. 1 9 is a partial side view of the heater elements 
and surrounding coil structure as pictured in the cross- 
section of FIG. 18 : viewing at the direction 19, the heater 
sheath not being shown. 

FIG. 20 is a side perspective exploded view, partly 
in section, of the components of the chamber structure 
as pictured in the cross-section of FIG. 18. 

FIG. 21 is a side perspective cross-sectional of an 
alternative configuration for the windings of the wire coil 
of FIG. 20. 

FIG. 22 is a plan view of a conical heating sheath 
cut from a planar sheet. 

FIG. 23 is a side view of a winding jig for winding 
the wire of the induction coil in a conical shape according 
to the invention 

FIG 24 is a cross-sectional view of another embod- 
iment of the top portion of the processing chamber ac- 
cording to the invention showing secondary coils and 
secondary heater/coolers on the upper portion of the 
roof of the chamber. 

FIG. 25 shows the conceptualized flow of thermal 
energy through the sidewalls for the prior art processing 
chamber as shown in FIG. 7. 

FIG. 26 shows the conceptualized flow of thermal 
energy through the sidewalls for the processing cham- 
ber according to the invention as shown in FIG. 10. 

FIG. 27 shows the conceptualized flow of thermal 
energy through the sidewalls for the processing cham- 
ber according to the invention as shown in FIGS. 18, 19, 
and 20. 

FIG. 28 shows the conceptualized flow of thermal 
energy through the sidewalls for the processing cham- 
ber according to the invention as shown in FIG. 24. 

FIG. 29 is a schematic diagram of a preferred func- 
tional configuration incorporating features of the inven- 
tion. 

FIG. 30 is a schematic diagram of a power splitting 
arrangement supplying and splitting power between a 
roof electrode opposite the substrate being processed 
and a susceptor supporting the substrate being proc- 
essed according to the invention. 

FIG. 31 is a block and connection diagram for a con- 
troller for implementing the invention. 

FIG. 32 is a schematical cross-sectional view of a 
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plasma reactor chamber with separate roof and conical 
dome and using both a primary and a second coil for 
inductively coupling energy into the chamber. 

FIG. 33 is a schematical cross-section view of a 
5 plasma reactor chamber having a conical dome but with 
standard biasing only of the pedestal. 

FIG. 34 is a schematical cross-sectional view of a 
plasma reactor chamber having a grounded conical 
dome and RF power splitting between the roof and ped- 
10 estal. 

FIG. 35 is a schematic cross-sectional view of a 
plasma reactor chamber electrically configurable to op- 
erate in a number of processing modes. 

Several configurations according to the invention 

?5 include common features which assist both in inductive- 
ly coupling RF energy into the plasma within the cham- 
ber and in controlling the temperature of the wall of the 
processing chamber by providing both heating and cool- 
ing via a thermal ring surrounding the wall of the 

20 processing chamber. A conical configuration of the wall 
assures good thermal contact and eliminates the air 
gaps present in prior art designs. The use of specially 
chosen materials improves process chamber perform- 
ance, by permitting the penetration of electric fields to 

25 induce the gas in the processing chamber into a plasma 
while providing good thermal conductivity to nearly elim- 
inate process variations due to temperature gradients 
in the wall of the processing chamber. The use of a con- 
ical wall shape together with conically shaped induction 

30 coil windings reduces the variation in the electric field in 
the chamber (particularly at the center of the chamber), 
while the use of fixed and variable pitch coil windings 
can fine tune the effect of the desired electric field. Po- 
tential electrical interference between the heater ele- 

35 ment surrounding the chamber and the inductive coil 
surrounding the chamber is for the most part eliminated 
by routing the wiring of the coil in a direction which is 
predominantly perpendicular to the routing of the heater 
element. The chamber configuration provides a process 

40 location where approximately equally sized electrodes 
(the roof and the pedestal) are configured parallel to one 
another in a one-piece multi-purpose chamber configu- 
ration. The cone shaped upper chamber configuration 
can be made of one piece and can be capacitively cou- 

45 pied as well as inductively coupled. 

Figures 10, 11, and 1 2 show respectively the cross- 
sectional, exploded schematic perspective, and close- 
up cross-sectional views of a top portion of an embodi- 
ment of an etch processing chamber according to the 

50 invention. 

An upper sidewall portion of the chamber includes 
a conical dome 1 30 extending from the side of the lower 
chamber 106 to a position approximately over the edge 
of the pedestal 52 supporting the wafer to be processed. 

55 The conical dome 1 30 has a sidewall that has at least 
an outer surface that is conically shaped, that is, is cir- 
cularly symmetric about a central axis and slopes at a 
fixed angled to the central axis. The conical dome 130 



BNSDOCID: <EP 0838841 A2_l_> 



9 



15 



EP 0 838 841 A2 



16 



is arranged to have a larger rim at its bottom side to- 
wards the wafer processing area and a smaller rim at 
its top side away from the wafer processing area. The 
conical dome 1 30 has a sidewall with a conically shaped 
inner surface and a conically shaped outer surface al- 
though it may have other surface portions besides the 
inner and outer surfaces. That is, the inner and outer 
surfaces are circularly symmetric about a central vertical 
axis of the chamber, and their diameters change linearly 
along that axis. Particularly, the outer conical surface 
provides several useful advantages. 

A plasma shield 132 at the bottom of the conically 
shaped dome 130, as best shown in FIG. 11 , is prefer- 
ably made of quartz or silicon carbide and has an M L" 
shaped cross section. A bottom leg 1 34 of its "L" shaped 
cross section is supported on the upper flange opening 
of the lower processing chamber 106, which is usually 
made of aluminum. An unillustrated O-ring seals the 
plasma shield 132 to the lower chamber 106. 

A top cylindrical leg 1 36 oUhe "L" shaped cross sec- 
tion ofthe plasma shield 1 32 extends vertically upwards 
inside the chamber to act as a barrier (shield) in front of 
a bottom seal ring 138 fitting circumferentially around 
the radial outside of the shield's vertical leg 1 36. The 
bottom seal ring 1 38, which is preferably made of a met- 
al such as aluminum, is supported on and sealed to the 
top of the horizontal, lower leg 1 34 ofthe plasma shield 
132. 

The bottom seal ring 1 38 includes, as best shown 
in FIG. 12, an inwardly extending lip 140, against which 
is pressed a bottom O-ring 142 located outside of the 
seal ring 1 38 and adjacent to an annular bottom resilient 
support pad 144, both of which are located in a down- 
wardly facing sealing channel 146 at the bottom of the 
lip 1 40. The O-ring 1 42 seals the bottom of the seal ring 
138 to the top of the plasma shield 132 of FIG. 11 , while 
the bottom resilient support pad 144, made of a high- 
temperature plastic, for example, of polyimide sheets 
such as of Vespel or Kapton, supports and distributes 
the load ofthe seal ring 1 38 and the portion ofthe cham- 
ber above the seal ring approximately evenly to the plas- 
ma shield 1 32, which is typically made of a brittle mate- 
rial such as quartz. This arrangement avoids point loads 
between the pieces which cause stress concentrations 
and can cause the plasma shield to fracture. A lower 
sealing channel retaining lip 148 on the radially inward 
end of the seal ring 1 38 prevents the lower resilient pad 
142 and the adjacent O-ring 142 from sliding radially in- 
wards within the downwardly facing sealing channel 
146. The inwardly extending lip 140 includes on its up- 
per side an upwardly facing channel 150 containing an 
upper O-ring 1 52 and another annular resilient heat con- 
ducting pad 154. An upper retaining lip 156 extending 
upwardly from the lower retaining lip 140 prevents the 
upper heat conducting pad 154 and the upper O-ring 
152 from sliding inwardly The upper resilient heat con- 
ducting pad 154 is preferably made of a high-tempera- 
ture plastic such as Vespel, but other materials may be 



used dependent upon the reactor temperature and its 
corrosive environment. 

The upper resilient pad 1 54 supports a bottom edge 
158 of the conically shaped chamber sidewall (dome) 

5 1 30, whose inside surface faces a substrate processing 
location 152 (FIG. 10) in the processing chamber. The 
conically shaped sidewall (dome) 130 is made of mate- 
rial having a generally high electrical resistivity but very 
good thermal conduction qualities, specifically having a 

10 thermal conductivity greater than that of quartz or silicon 
nitride. These generally conflicting characteristics can 
be satisfied by a silicon-based material such as polysil- 
icon, which is unlortunately subject to brittle fracture and 
generation of micro particles. Below, however, is de- 

15 scribed a silicon carbide composite, which has many ad- 
vantages for these applications. 

The upper resilient heat conducting pad 1 54 assists 
in distributing the mechanical load, due to the weight of 
the pieces and the vacuum inside the chamber, imposed 

20 by the dome 1 30 on the seal ring 1 38 to prevent fractur- 
ing due to point loads, just as was discussed above for 
the plasma shield 132. 

The seal ring 138 also includes an outside wall 
flange 160 extending vertically upwards from the lip 140 

25 and having an inside groove 162 of the O-ring type en- 
closing an electrically conductive elastic (spring) mem- 
ber 166, which is preferably a hollow spring member in 
the shape of an O-ring. It can be formed by tightly wind- 
ing a metal ribbon in a spiral so that the outside of the 

30 spiral forms a generally circular cylinder with a hollow 
core so as to form a tube. The wraps of the spiral need 
not touch, thereby producing a non-continuous tube. 
The ends of the resulting tubular member are joined or 
brought into close contact with one another to form a 

35 ring. From the outside, the spring member 1 66 tends to 
look like an O-ring with some spiral edges, grooves, or 
openings. A side surface of the spring member 1 66 pro- 
trudes beyond the mouth of the inside groove 162 and 
acts as a compliant set of continuous spring contacts to 

40 maintain electrical continuity across a gap 1 68 between 
the dome 130 and the seal ring 138. The elastic (com- 
pressive) range of such a spring member 1 66 effectively 
accommodates variations in the size of that gap 1 68 with 
a bottom outside edge 170 of the dome 130 while con- 

45 tinuing to assure electrical contact with it. The SiC com- 
posite dome 130 of Lu et al., to be described later, in- 
cludes an insulative body and a conductive surface layer 
facing the plasma. The surface layer continues around 
the bottom of the dome 1 30 into an annular tab sur- 

50 rounding the outside of the lower rim. The spring mem- 
ber 166 is positioned to electrically contact the annular 
tab so as to ground the inner surface of the conical dome 
130. 

In some configurations, the seal ring 1 38 will extend 
55 further radially outwards, as shown by the dashed lines 
172. The extended seal ring 172 provides space for an 
annular cooling passage 174 and a closure plate 176 
sealed to the extended seal ring 1 72 to contain a thermal 
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transfer fluid circulating in the cooling passage 172 to 
heat and/or cool the perimeter of the seal ring 1 38. A 
pump 173 under the control of an automated controller 
selectively supplies cooling fluid, e.g. water, to the cool- 
ing passage 1 74. 

The upper resilient thermal pad 154 located be- 
tween the conical dome 130 and the seal ring 1 38 pro- 
vides a thermally conductive bridge between the bottom 
end 1 58 of the conical dome 1 30 and the lower seal ring 
138 so that thermal energy heat freely conducts across 
the joint between the dome 1 30 and the bottom seal ring 
138. This eliminates the disadvantage of the variability 
ofy across air gaps where the effective thermal conduc- 
tivity can vary due to changes in the contact area of sur- 
rounding surfaces and actual gap size as well as with 
the pressure of gas in the gap. The upper resilient ther- 
mal pad 1 54 provides a continuous conductive path with 
predictable qualities having a repeatable thermally 
transmissive behavior. It improves the temperature con- 
trol ofthe chamber dome sidewall 1 30, and it has been 
demonstrated to reduce the temperature gradient to 
less than 5°C with 2000W of RF power input to the in- 
ductive coil. 

The conical sidewall 1 30 may have a uniform thick- 
ness from bottom to top, or as shown in the figures, can 
be tapered with a bottom thickness dimension 1 72 being 
thicker than an upper thickness dimension 174. Stress 
analysis ofthe dome 130 when a vacuum is applied to 
its interior shows that the taper to a narrow thickness at 
the top equalizes the stresses in the upper part of the 
dome 1 30 with those in the lower part. Therefore, the 
upper part can be made thinner while maintaining an 
approximately uniform stress distribution in the dome 
material. The allowable stress in the dome material and 
therefore its thickness is set by the particular material 
chosen and the temperature to which the material is like- 
ly to be heated during processing of substrates. When 
the dome is made of a polysilicon material it needs to 
be thicker than if the dome 1 30 is made of a silicon car- 
bide material. For other materials, the material proper- 
ties at temperature need to be taken into account to se- 
lect the minimum usable thickness. For a polysilicon 
dome 1 30 having a bottom diameter of approximately 
1 5 inches (380mm) and a height of approximately 2-1/4 
inches (57mm) the wall thickness at the top is approxi- 
mately 3/8 inches (9.5mm) while the wall thickness at 
the base of the cone is approximately 5/8 inches 
(15.9mm). For a silicon carbide dome, the respective 
thicknesses are each reduced to achieve a similar ratio 
of 5:3 to provide an approximately similar remum local- 
ized stress and the yield strength of the material as has 
been described for a polysilicon dome. 

The inside and outside of the conically shaped side- 
wall 1 30 are easily manufactured by machining straight 
cuts along the inside and outside dome angles when the 
dome blank is on a lathe spindle or other spinning base. 
This ease of manufacturability is in contrast to the com- 
plex shapes and tooling required to make a partially 



rounded or hemispherically shaped dome. 

Silicon carbide has been suggested as a material 
for chambers and components within them. It has a co- 
efficient of thermal conduction of greater than 150W/ 

s m^C, which is substantially greater than that of quartz. 
Improving the temperature stability of exposed walls of 
the processing chamber is accomplished by providing a 
wall material which is a dielectric, acts as a window to 
allow penetration of electrical fields, provides good ther- 

10 mal conductivity, and is chemically compatible with the 
chamber environment during deposition and etching 
steps of the process. Also the geometric configuration 
of the outside wall of the processing chamber has a con- 
ical shape : which provides superior surface contact and 

is temperature control between the wall of the chamber 
and a surrounding thermal control member, when com- 
pared to the thermal characteristics associated with a 
vertical right angle walled chamber. 

Silicon carbide has been suggested as a substitute 

20 for elemental silicon load as a fluorine scavenger. How- 
ever, heretofore, components of silicon carbide have 
been mostly available in sintered form, which suffers 
many of the particle problems of quartz. However, re- 
cently Lu et al. have disclosed in U.S. Patent Applica- 

25 tion, Serial No. 08/687,740, filed July 26, 1996 a com- 
posite structure including both a bulk member formed 
and shaped of sintered silicon carbide and a relatively 
thin layer of silicon carbide deposited on the plasma- 
facing side of the member by chemical vapor deposition 

30 (CVD). Thtrary shape by standard sintering processes 
and provides superior strength and acceptable thermal 
conductivity. The CVD surface layer is highly resistant 
to plasma etching and is not prone to producing parti- 
cles. Furthermore, electrical conductivity of the surface 

35 layer can be controlled separately from that of the bulk 
silicon carbide, which enables the composite to have an 
effective skin depth small enough to admit electromag- 
netic radiation while simultaneously being able to be 
electrically grounded, if desired. 

40 When a conically shaped induction coil 180 is 
placed in proximity to the outside of the conically shaped 
sidewall 1 30, the resulting geometry provides nearly the 
same beneficial effect upon the plasma as a hemispher- 
ically shaped coil placed over a hemispherical dome 

45 since it produces nearly the same electrical and mag- 
netic fields which are known to improve the uniformity 
of the plasma density in the gas in the chamber. The 
plasma uniformity is critical for spatial uniformity of etch- 
ing or deposition. The presence of an upper winding of 

50 the coil 180 closer to the center of the chamber reduces 
the variation in plasma density across a substrate (wa- 
fer) being processed. It is seen by superimposing a 
cross section of a conically shaped coil, for example coil 
180 in FIG. 10, over a similarly sized hemispherically 

55 shaped coil, that the displacement between correspond- 
ing windings is small. When comparing a purely coni- 
cally shaped sidewall with a purely hemispherically 
shaped sidewall having closely\ proximately surround- 
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ing induction coils, the hemispherically shaped chamber 
top provides a more unilorm plasma density, but the uni- 
form stress distribution means that neither untruncated 
chamber has an advantage over the other in strength. 

However, many processes require that a flat elec- 5 
trode (counter electrode) be placed opposite to the 
processing surface of the substrate to provide a favora- 
ble bias for the process. Such a counter electrode re- 
quires that the roof of the chamber be approximately flat 
or that penetrations be made in the sidewall and/or roof 10 
of the chamber to support and electrically connect to the 
counter electrode located opposite the pedestal 52. In 
these instances when the top of the hemispherical roof 
is truncated or flattened, the stress at the truncated edge 
of the hemisphere (or radiused dome) increases such 15 
that a severe discontinuity is created in the stress dis- 
tribution because of the outwardly curving walls. On the 
other hand, when a cone is truncated into the conical 
geometry shown in FIG 14 no such discontinuity is cre- 
ated because the slraight sided walls 182 of the dome 20 
are in line with the applied load and carry the vertical 
load in compression without a severe discontinuity at the 
top edge of the frustum, that is, the top edge 184 of the 
shell of the truncated cone. The advantage of a frustum 
shape for the dome 1 30 is that the stress distribution 25 
pattern is not distorted due to the straight sidewall 182, 
and through a middle range of the conical shape, the 
coil windings on the outside of the sidewall 182 produce 
an ion distribution (plasma density) which closely ap- 
proximates that produced by coil shaped around a hem- 30 
ispherical dome. The truncated conical dome has been 
calculated to a seven times stronger than a similarly 
sized truncated hemispherical dome. 

Returning to FIGS. 11 and 12, the outside surface 
186 of the conically shaped sidewall 1 30 is cut at a set 35 
inclination angle which supports an annular induction 
coil support member 188 having an inside conical sur- 
face 1 90 whose inclination angle is matched to that of 
the sidewall's outside surface 186 so that the two sur- 
faces 186, 190 fully contact each other over an area 40 
proximate to the outside surface 190 of the coil support 
member 188. The inclination angle a is defined, as illus- 
trated in FIG. 1 5, as the acute angle between an inclined 
straight line on the conical surface 1 92, common to con- 
ical surfaces 186, 190, and a base plane 194 perpen- 45 
dicular to the axis 1 96 of symmetry of the conical surface 
1 92. A related apex angle p is defined as the full angle 
of the apex 1 98 of the cone. For conically shaped mem- 
bers 130, 188 made of silicon carbide, polysiiicon, or 
aluminum nitride and having a surface finish of 32RMS, 50 
an apex angle p of approximately 105° is satisfactory. 
The selection of the inclination angle a for various ma- 
terial properties and surface finishes can vary. However, 
in each instance the inclination angle must not equal or 
exceed the crush angle of the adjacent components. 55 

The crush angle is defined as the angle at which the 
surface finish, coefficient of friction, and normal force will 
cause two components mated on a conical surface to 
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lockup irrespective of the force when the inner compo- 
nent expands or the outer component contracts, or in 
more precise terms when there is relatively larger ex- 
pansion of the innermemberor relatively larger contrac- 
tion of the outer member, as may occur with differential 
thermal expansion of the two members. Two compo- 
nents become locked at the angled conical interface 
when the force applied along the interfacial surfaces to 
cause the parts to slide relative to each other is insuffi- 
cient to overcome the frictional force resisting sliding be- 
tween the two components. When the components are 
locked, further expansion (contraction) causes elastic 
crushing of the interface surfaces in contact with each 
other, that is, interference stress. Two components can 
be locked together under conditions under which rela- 
tively low values of force along the interfacial surfaces 
are insufficient to break the static frictional force keeping 
them together, but higher force values will break the 
lock. However, in a lockup situation, no matter how great 
a force is applied to initiate sliding, geometric factors 
prevent the force tending tfrictional force. The interfer- 
ence stress may rise to the point that one or the other 
of the components fractures. 

As illustrated on the right side of FIG. 15, when the 
two members 130, 188 become engaged because of 
thermal expansion or contraction, the disparity in sizes 
(interference) is up to a point elastically accommodated 
within the members 130, 188. The elastic compression 
imposes a radial thermally driven force F T between the 
members 1 30, 1 88 one against the other in opposite di- 
rections. This discussion will address only the free- 
standing coil support member 188. The radial force F T 
can be decomposed into components F N , F P , respec- 
tively normal and parallel to the conical surface 192 
whose magnitudes are related to the inclination angle a 
by 

F N = F r sina (5) 

and by 

F p = Fjcosa. (6) 

Other biasing forces such as weight and springs are not 
included in these equations but could be easily added. 

If expansion or contraction biases the coil support 
1 88 against the dome 1 30, the force of static friction pre- 
vents the coil support 188 from moving along the direc- 
tion of F p until F p exceeds a threshold value F TH . In the 
usual approximation, the threshold frictional force F-^ 
is related to the normal force F N by the linear relation 

where c ST is the coefficient of static friction and is as- 
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sumed to be approximately constant for a given pair of 
materials and associated surface finishes. Algebraic 
manipulation of these equations produces the result that 

— ^ = c sr tanct. (8) 

This last equation implies that for a sufficiently large co- 
efficient of static friction c ST and for a sufficiently large 
inclination angle cx, specifically, when the product on the 
right side of Equation (8) is nreater than^one, the fric- 
tional threshold force F TH is always greater than the 
force attempting to break the static frictional lock and 
cause the members to slide. As a result, the thermally 
driven force F x can increase until the yield or fracture 
limit of one or the other of the members 1 30, 1 88 is ex- 
ceeded and the member 1 30, 1 88 permanently deforms 
or breaks. On the other hand, if the product on the right 
side in Equation (8) is less than one, when Fp increases 
to a value exceeding the frictional threshold F TH , the 
force of static friction resisting movement is overcome, 
the static frictional lock is broken, the smaller dynamic 
coefficient of friction applies, and the coil support 188 
can move upwardly to a position, still in contact with the 
dome 1 30, at which both members 1 30, 1 88 are no long- 
er in compression. 

Thus, if the inclination angle is a greater than the 
crush angle, frictional lockup occurs and the locked 
parts are subject to mechanical damage; however, 
when the inclination angle is less than the crush angle, 
the lockup between components at the angled surface 
does not occur during such expansion or contraction, 
but the components only slide relative to each other, and 
the surface contact between the two surfaces is main- 
tained. The theory presented above was intended only 
for understanding of the phenomenon. In practice, the 
parts are designed with sufficient safety margins to com- 
pletely avoid the critical values associated with lockup. 

An illustration of two extreme angles provides a 
good illustration of the crush angle. At an inclination an- 
gle a of zero degrees, e.g. two flat plates, there is no 
possibility of component lockup as it is expected that the 
forces due to differential thermal expansion will always 
exceed the frictional forces resisting such expansion 
even if additional biasing is applied. This is in contrast 
to an inclination angle of 90° (an interface between an 
inner and an outer cylinder). In such a case, the effect 
of expansion or contraction of one component is com- 
plete on the other component once there is full contact. 
Differential expansion or contraction will at first cause 
an interference stress between the components, but at 
elevated temperatures and a long stress duration the 
fracture is likely to occur if such stress has not been ac- 
counted for in the design. 

In the case of an inclination angle a from zero to 
nearly 90°However at the 90° inclination angle shown 
in the prior art, gaps which are needed for assembly of 
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components create varying rates of transfer of thermal 
energy between components. The same effects are true 
when using curved domed shapes, whether they be par- 
tially or fully hemispherical. Effective and uniform heat 

5 transfer between curved surfaces of rigid members can 
only be accomplished by using a purely conical surface 
where the interface angle generally keeps the adjacent 
components in contact regardless of their displacement 
relative to one another Although the two members may 

10 be in slightly different relative positions at different tem- 
peratures, they can be biased in full contact across the 
entire temperature range. The weight of the induction 
coil support member 188 and components attached to 
it can provide sufficient biasing of the support member 

is 1 88 against the dome 1 30 to achieve good thermal con- 
tact. However, it is preferred that positive flexible bias- 
ing, such as provided by a series of springs, be applied 
between the coil support member 1 88 and the dome 1 30 
to assure the desired degree of thermal contact. 

20 The described apex angle of 105° corresponds to 
an inclination angle of 37'/£°. In view of the functional 
form of the critical parameter in Equation. (8) and the 
desire to extend the RF coil over the plasma processing 
area, preferred ranges of the inclination angle extend, 

25 for example, from 60° down to 30° and possibly 20° or 
even 10°. 

As shown in FIGS. 11 and 12, the coil support 188 
includes a conically shaped spiral groove 210 to hold 
the conically wound plasma-inducing induction wire coil 
30 1 80. The coil support 188 is preferably made of alumi- 
num nitride, a highly thermally conductive dielectric ce- 
ramic, or another similar material with similar heat trans- 
fer properties. The coil support 188 is mated to a rigid 
conically dome-shaped heater sheath 212, preferably 
35 made of aluminum nitride to minimize differential ther- 
mal expansion with respect to the coil support 188. An 
electrical heater element 214 embedded in the rigid 
dome shaped heater housing 212 supplies thermal en- 
ergy to the conical dome 1 30. An electrical power source 
40 21 5 under the control of the automated controller selec- 
tively powers the heater element 214. A glue interface 
216 thermally and structurally connects the rigid dome 
shaped heater sheath 21 2 to the coil support 1 88. A spi- 
ral tin wall 218 between adjacent wraps of the groove 
45 210 in the coil support 188 carries the thermal energy 
through the center of the coil support 188 to the outer 
surface 190 of the cone dome 130. The surface area 
available for conductive heat transfer through the thick- 
ness of the coil support 188 is reduced by the surface 
so area taken up by the spiral groove 210, thus increasing 
the thermal resistance to the transfer of thermal energy 
through the thickness of the coil support 188. The con- 
ical surfaces between the coil support 1 88 and the heat- 
er sheath 212 allow for some differential thermal expan- 
ds sion. 

A chiller ring 200 of FIG. 10 differs in minor ways 
from a chiller ring 200' of FIG. 1 2, but they have similarly 
numbered parts and will be simultaneously described. 
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The chiller ring 200, 200' rests on the rigid heater hous- 
ing 212, or is pressed against it by an urging member 
such as springs, and/or it is glued to the outside oi the 
rigidheaterhousing212. Both the rigid conically shaped 
heater housing 212 and the chiller ring 200, 200' have 
angled conically shaped surfaces facing one another for 
good heat transfer between adjacent surfaces. A cool- 
ing fluid passage 220, 220' having a closure plate/ring 
222, 222' contains a thermal transfer fluid (such as wa- 
ter) which is pumped through the passage 220, 220'. A 
pump 221 under the control of the automated controller 
selectively supplies the chilled water or other thermal 
transfer fluid to the cooling fluid passage 220, 220' 

As shown in FIG. 10, twoO-rings 230 : 232 sea! the 
upper portion ofthe conical dome 130 to an upper seal- 
ing ring/plasma guard 234 and to a chamber roof 236, 
illustrated also in perspective in FIG. 11 and in an en- 
larged central cross sectional view in FIG. 13. The top 
of the chamber is closed by the chamber roof 236, which 
may have a center gas feed through several feed holes 
238 in the roof 236. 

The combination of a conical wall 1 30 and a vacuum 
roof 236 extending above the narrow top of the conical 
wall 1 30 is mechanically very strong. The large force ex- 
erted by the differential pressure against the roof 236 
vertically loads the top ofthe conical wall 1 30. This force 
is decomposed into one aligned with the side of the con- 
ical wall 1 30 and another pressing the annular upper rim 
of the conical wall 130, both strong mechanical ge- 
ometries Pan et al. in U.S. Patent Application Serial 
No. 08/517,281 filed August 21, 1995, have suggested 
a plasma chamber having a partially conical roof, but 
the purpose of the geometry dictates that their top vac- 
uum wall extends well below the upper conical rim, a 
mechanically unfavorable geometry. The strength ad- 
vantages of a conical dome persist if a cylindrical cham- 
ber at the same pressure is placed above the dome's 
upper rim. 

The roof236 is selectively heated by a resistance 
heater in an adjacent heater plate 240 and selectively 
chilled by water circulating through a spiral channel 242 
formed in a chilling plate 244 immediately in back of the 
heating plate 240. The spiral fluid channel 242 is closed 
by a top cover 248. However, the heating and cooling 
can be modified as would be understood by a person of 
ordinary skill in the art in accordance with any method 
of temperature controlling a flat plate. Because of the 
planar geometry, differential thermal expansion does 
not directly affect thethermal contact between the plates 
236, 240, 248. Any slight lateral sliding does not break 
the thermal interface. 

The center gas feed, as illustrated in detailed cross 
section in FIG. 1 3, includes a gas feed tube 41 0 passing 
through a gas feed plate 412 composed of Invar. A flared 
end of the gas feed tube 410 holds it to the bottom of 
the gas feed plate 412. A spring 414 presses the gas 
feed plate 412 towards the roof 236 in opposition to an 
elastic O-ring 41 6 sealing the gas feed plate 41 2 to the 
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roof 236, thus forming an upper disk-shaped manifold 

417 between the gas feed plate 412 and a buffer plate 
418. The vertical dimension of the upper manifold 417 
is maintained by the flared end ofthe gas feed tube 410, 

5 and the upper manifold is in fluid communication with 
the feed gas in the gas feed tube 410. The buffer plate 

41 8 is supported on an annular ridge 41 9 in the roof 236 
so as to form a lower disk-shaped manifold 420 between 
the buffer plate 418 and the roof 236. The buffer plate 

10 418 includes a large number of axial passageways for 
communicating between the lower and upper disk- 
shaped manifolds 417, 420. Each of a plurality of feed 
holes 238 includes a small-diameter lower jet hole 421 
at the bottom of the roof 236 and a larger-diameter coun- 
ts terbore 422 at the top. Thereby, gas is distributed from 
the feed gas tube 41 0 over a substantial area at the cent- 
er of the roof 236. 

The temperature of the chamber walls need to mon- 
itored to take advantage of the thermal control elements 
20 of the invention. For example, as shown in the enlarged 
cross section of FIG. 13, a thermocouple 426 passes 
through the top cover 248, chiller plate 244, and heater 
plate 240 and is biased by a spring 428 against the top 
of the roof 236 to measure its temperature. Further, as 
25 shown in the cross section of FIG. 12, another thermo- 
couple 430 is biased by a spring 432 against the outside 
ofthe conical dome 1 30. The outputs of the two thermo- 
couples 426, 430 and any other temperature measuring 
devices are monitored by the unillustrated automated 
30 controller, which is also controlling the electrical power- 
ing of various heater units so as to maintain the respec- 
tive parts within the desired temperature ranges. 

In this configuration the accurate sensing and feed- 
back of the temperature to the temperature control cir- 
35 cuitry, due to the good thermal heat transfer in the wall 
of the chamber and the uniform thermal transfer inter- 
face between the thermal effects ring and the wall of the 
chamber, facilitates precise control of the temperature 
of the wall and roof of the chamber much more tightly 
40 than possible in prior art arrangements. 

The fine temperature control of both the sidewall 
130 and the roof 236 afforded by their respective ge- 
ometries allow the process to be much better controlled 
than in other configurations, especially configurations 
45 including inductive coupling of RF energy into a high- 
density plasma. The benefits are particularly advanta- 
geous in oxide etching where temperature control of all 
parts of chamber allow the polymer formation on the wa- 
fer to be finely controlled and to be uniform. Changing 
50 relative temperatures of the different chamber parts and 
of the wafer allows the same chamber to be operated in 
a uniform etch mode, a selective etch mode, a clean 
mode, and a deposition mode. 

An advantage of the geometry of FIG. 10 is that it 
55 can produce a much more uniform plasma at higher 
plasma densities. Exemplary dimensions for the cham- 
ber of FIG. 10 are typified in a pedestal 52 having a di- 
ameter only slightly larger than an 8-inch (200mm) wa- 
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fer, a chamber roof 236 having a diameter of 8V> inches 
(215mm), and a spacing between the pedestal 50 and 
the roof 236 of 4 inches (100mm). That is, the roof has 
a diameter within 6% of that of the wafer although nearly 
the same advantages, to be described below, are ex- 
pected to be obtained if the diameters differ by no more 
than 20%. 

Ion currents were measured in the conical chamber 
of FIG. 10 and in the cylindrical chamber of FIG. 7 de- 
scribed by Rice et al. Process conditions were the same 
in both experiments: 1 200W of RF power applied to the 
inductive coil, no bias applied to the pedestal or roof, 
pressure of 8mT, and a gas flow of 150sccm of Ar and 
9sccm of C 4 F 8 . The radial distribution of the ion densi- 
ties are shown in FIG. 1 6. Plot 230 shows the measured 
ion density for the cylindrical chamber. The dip at the 
middle produces an overall uniformity of 7.3%. Plot 232 
shows the corresponding values for the conical cham- 
ber. The overall uniformity is 3% 

The configuration of FIG. 10 also offers other geo- 
metrical advantages. As shown in FIG. 14, the signifi- 
cant slope of the sidewall 182 means that the top area 
240 overlying a substrate area 242 near the bottom of 
the cone has about the same area as the substrate. In 
contrast, as shown in FIG. 9, a cylindrical chamber pro- 
duces a much larger top area 1 26. This becomes impor- 
tant, as discussed below, when a silicon-containing 
scavenger is placed in the top area 240 and is RF bi- 
ased 

The chamber roof 236 shown in FIG 1 0 can be op- 
erated in a number of modes. It can be considered strict- 
ly as a dielectric member not directly participating in the 
processing chemistry. As a dielectric it is preferably 
formed of undoped polysilicon (actually a moderately re- 
sistive semiconductor), silicon carbide, or silicon nitride. 
If the processing environment allows it, the roof can be 
made of quartz. A pancake coil or other inductive coil 
can be placed in back of a dielectric roof 236, consistent 
with the thermal control elements maintaining the tem- 
perature of the roof. The roof 236 can also be made con- 
ductive and be electrically grounded or biased so as to 
participate as an electrode in forming the plasma. The 
roof 236 may be grounded along with the inner surface 
of the conical dome 130. If it is electrically biased to a 
different potential than the dome 1 30, the plasma guard 
234 needs to be formed of an electrically insulating ce- 
ramic, such as quartz; but, if the roof 236 is electrically 
connected to Ihe conical dome 130, the plasma guard 
234 may be formed of an electrical conductor, such as 
silicon carbide. It is possible that the roof 236 be a target 
formed of a material to be sputtered and sputter depos- 
ited on the wafer. 

A particular advantage of the configuration of FIG. 
10 arises when the roof 236 is RF biased and the roof 
236 is approximately the same size as the pedestal 52. 
It is known that similarly placed roofs, though of larger 
sizes, can be advantageously made of a silicon-contain- 
ing material, e.g., either polysilicon or silicon carbide, 
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and used in an oxide etcher using a fluorine chemistry. 
The silicon acts as a scavenger for fluorine in the plasma 
and thus causes a polymer depositing on a silicon sub- 
strate to be deficient in fluorine. Such a fluorine-deficient 
5 polymer is beneficial for an etch process that etches sil- 
icon oxide preferentially over silicon. That is, the etching 
of silicon oxide stops on silicon. However, the silicon- 
bearing scavenger needs to be activated. It is known 
that the solid silicon can be thermally activated, but the 
temperatures involved are several hundred degrees 
Celsius. Such high temperatures cause a difficult design 
problem, particularly for vacuum seals around the sili- 
con roof. Alternatively, the silicon roof can be RF biased, 
and the resulting plasma adjacent to the roof effectively 
etches it, thus activating the scavenging silicon. Con- 
currently, the pedestal 50 supporting the wafer is also 
RF biased to control the plasma etching of the wafer. 

As described in the aforecited patent to Ogle et al., 
power from one RF generator can be split 50:50 be- 
tween the two electrodes 52, 236. But, as previously dis- 
cussed, if the counter-electrode 236 facing the wafer is 
substantially larger than the wafer, the plasma acts as 
a diode with the larger electrode acting as anode and 
the smaller one as cathode. As a result, plasma ions are 
accelerated to the wafer and sputter rather than partic- 
ipate in the soft etch of the wafer. However, if the two 
electrodes are of substantially the same size, for exam- 
ple, within 25% by area, and the RF power is evenly split 
between the two electrodes, the diode effect can be 
avoided, and the RF power level can be adjusted to 
whatever level provides the optimum DC biasing across 
the plasma sheath adjacent to the wafer. Other fractions" 
of power splitting are possible and are indeed preferable 
for oxide etching. The conical dome of the invention is 
consistent with a silicon-containing roof that is nearly the 
same size as the wafer. Such an advantage is obtained 
even in the absence of inductive coupling, for example, 
with purely capacitive coupling, as done by Ogle et al. 

Figure 17 shows another configuration of the ther- 
mal control system according to the invention. The side- 
wall of the conical dome 130 is heated by a series of 
heating lamps 260 shining on its outside surface 1 86 as 
selectively powered by the automated controller. The ra- 
diation from the lamps 260 also shines on the outside 
of a Teflon cladding 262 encasing the inductive wire coil 
262. A shortcoming of this configuration is that the ex- 
ternally located heating lamps 260 heat the wire coil 1 80 
before and simultaneously with healing of the conical 
dome 130. 

The control of the sidewall temperature of the dome 
130 is accomplished by the transfer of thermal energy 
through the conductive conical dome 1 30. The thermally 
conductive silicon or silicon carbide conical dome 130 
conducts heat down to the lower outer corner 264 of the 
dome 1 30, where the dome 1 30 contacts the lower seal- 
ing ring 1 72, which, as discussed above for FIG. 1 2, has 
an integral cooling passage 1 74 and a closure plate 1 76 
sealing the cooling fluid passage 174. The cooled seal- 
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ing ring 172 acts as a heat sink for the thermal energy 
received from the chamber sidewall 1 30. The silicon or 
silicon carbide composition of the conical dome 1 30 pro- 
vides sufficient thermal conductivity that the tempera- 
ture gradient along the dome 130 can be kept low and 
the dome 130 can sink substantial amounts ofthermal 
energy, thus reducing the temperature variations under 
differing thermal loads. 

The temperature gradient from top to bottom in a 
similarly configured conventional sidewall made of 
quartz could be as much as 100°C. Such a large varia- 
tion in the temperature of the chamber sidewall could 
have a noticeable effect on process uniformity, as the 
temperature gradient changes over time with continu- 
ous processing of substrate from a "cold" start-up. At- 
tempts to control the temperature from one or more 
sensing locations will always include inaccuracies due 
to approximations that attempt to model the average in- 
ternal temperature, without having any effect on the ac- 
tual extremes high and tow limits of the temperature gra- 
dient. These inaccuracies are a hurdle to establishing 
precisely repeatable process parameters. Precisely re- 
peatable process parameters are achievable when us- 
ing a configuration according to the invention where us- 
ing a silicon-based thermally conductive material for the 
sidewall results in a predictable temperature gradient 
from the top to the bottom of the sidewall of the chamber 
(whether a conically, cylindrically, or other shaped side- 
wall) with a maximum gradient in the range of 3 to 5°C. 
When compared with the possible 1 00°C gradient when 
using quartz, the benefits of precise temperature control 
are certain to greatly improve the repeatability of sub- 
strate processing in the chamber. 

Figure 18 shows yet another configuration of the 
thermal control system according to the invention of a 
conical dome 1 30 according to the invention. In this con- 
figuration, a flex heater assembly 270 providing contin- 
uous heating of the conical dome 1 30 includes a heater 
element 272 interspersed between two polyamide 
sheaths 274, 276. The automated controller selectively 
activates the heater element 272. Glue 278 affixes the 
flex heater assembly 270 to the outside of the conical 
dome 1 30. The RF induction coil 262 couples RF energy 
into the chamber to excite the gas in the chamber to form 
a plasma at the substrate processing location. The RF 
induction coil 262 produces closed magnetic lines gen- 
erally perpendicular to the coil 262, that is, parallel to 
the inclined surface of the conical dome 130, but the 
magnetic fields significantly fall off above and below the 
coil near the curved surface plane of the conical dome, 
that is, toward the inner and outer rims of the conical 
dome. The electric field associated with the oscillatory 
magnetic field excites the plasma, which is oscillating at 
the RF frequency powering the coil 262. The oscillating 
electric field generally follows a rotary path about the 
axis of symmetry of the conical dome 1 30, as was ex- 
plained with reference to Equation (2). The rotary elec- 
tric field produced by the coil 262 could have the effect 



of inducing electrical current in the adjacent conductive 
heater element 232, thus potentially shorting out the RF 
field from the plasma. However, as can be lG. 19 of the 
coil and transparent heater element, the RF inductive 

5 coil 262 is spirally wound but extends principally in the 
illustrated horizontal direction and produces the rotary 
electric field also running horizontally in the figure. The 
configuration is also illustrated in an exploded perspec- 
tive view in FIG. 20. The heater element 272 is a wire 

10 embedded between the polyamide sheaths 274, 276, 
and the wire 272 principally runs perpendicularly to the 
RF coil 262 in a back and forth serpentine manner on 
the surface of the angled portion of the conical dome 
130. 

is Bends 276 or stub connections in the heater ele- 
ment 272 occur outside the area of the RF coil 262 and 
in areas relatively near to the curved surface to which 
the coils 262 conforms. In this area, the rotary electric 
field is minimal. 

20 Advantageously, the conductor of the healer ele- 
ment 272 acts as a Faraday shield positioned around 
the conical sidewall between the RF coil 262 and the 
chamber. Such a Faraday shield decouples the capac- 
itive effect of the induction coil, without affecting the 

25 electric field inducing effect. Capacitive coupling occurs 
in an unshielded RF coil 262 because the coil's electrical 
resistance is finite and voltages of several thousand 
volts can develop between the two ends of the coil. 
These voltages can be capacitively coupled across the 

30 plasma to grounded chamber parts However, straight 
portions 274 of the heater element 272 run directly from 
the top to the bottom wrap of the RF coil 262 and present 
lower voltages and a much reduced voltage gradient to 
the plasma than does the RF coil 262. The straight por- 

35 tions 274 are connected by bends 276 occurring outside 
of the area of the RF inductive coil 262 but lying gener- 
ally in the same plane so as to have negligible effect on 
the electrical and magnetic fields produced by the RF 
coil 262. Thus, the serpentine heater element 272 ex- 

40 tending generally orthogonally to the RF coil 262 has a 
negligible effect, if any, on the rotary electric field in- 
duced by the RF coil 262. 

The Faraday shielding effect of the heater element 
272 is enhanced by the fact that typically the heater el- 

45 ement 272 is electrically powered only when the RF coil 
262 is not energized and can be grounded or left floating 
when the RF coil 262 is energized so that no ohmic volt- 
age drop occurs in it while it is acting as a Faraday 
shield. This sequencing arises from the use of the heater 

50 element 272 to maintain a fairly constant flow of heat 
into the chamber wall regardless ol whether the RF coil 
262 is energized or not. Nearly the same good effects 
can be achieved if the serpentine path of the heater el- 
ement 272 follows a more sinuous, inclined path, as il- 

55 lustrated in FIG. 22, as long as the bends 276 occur 
away from the RF coil 262. 

Figure 19 shows an enlarged cross-sectional view 
of the configuration of the coil 262 and the heater 272 



16 



EP 0838841A2J_> 



29 



EP 0 838 841 A2 



30 



of FIG. 18, and FIG. 20 shows an exploded perspective 
view, partly in section, of the same. The induction coil 
wire 262 is routed in a spiral pattern having an approx- 
imately uniform pitch between windings. If it is desired 
to more finely tune the plasma density in the chamber, 5 
the coil 262 of FIG. 20 may replaced by another coil 262' 
as shown in FIG. 21 , having a variable pitch configura- 
tion for the windings. The dashed lines accompanying 
the coils 262, 262' as shown in FIGS. 20 and 21 provide 
a reference guide to the top and bottom edges of a right 10 
circular cone providing an imaginary conical reference 
surface formed by windings of the coils.262 ; 262'. 

As shown in plan view in FIG. 22, because of the 
conical shape, each of the conically shaped sheaths 
274, 276 of polyamide or other flexible material forming is 
the conically shaped heater 270 can be cut from a planar 
sheet 277. The planar, unbent sheath 274, 274 forms a 
radial portion of a segment of a circle having for a 360° 
sheath a segment angle 7 of value, when expressed in 
radians, of 20 

y = 2rccosa. (9) 

For an conical apex angle [3 of 1 05°, the segment angle 2s 
y is about 143°. The unbent sheath is bounded by inner 
and outer arcs 278, 279 having respective radii of r t / 
cosaand r^costx, where r-, and r 2 are the inner and outer 
radii of the conically shaped heater 270, as illustrated in 
FIG. 20. An inspection of the geometry of FIG. 22 shows 30 
that the lengths of the arcs 278, 279 necessarily are re- 
spectively 27tr 1 and 27ir 2 , thus fitting the conical shape 
without stretching when the cut sheath 274, 276 is bent 
into the desired conical shape. Since this condition ap- 
plies regardless of the value of r 2 , the entire sheath 274, 35 
276 can be bent into the conical shape without any lat- 
eral deformation, that is, any stretching or rippling. 

Thus, the conically shaped heater 270 can be fully 
or partially formed on the flat and thereafter bent into 
the desired shaped. The only deformation, which should 40 
be accommodated within partially elastic polyamide, 
arises from the finite thickness of the member being 
bent. 

The wire used to form the RF coil 262, 262' tends 
to be very heavy in order that it reduce the resistive pow- 45 
er loss from the very high RF currents impressed on the 
coil. Often, the coil is a tubular conductor, e.g. copper 
tubing, and cooling water runs through the tube center 
to cool the coil. As a result, the RF coil tends to be dif- 
ficult to wind, particularly in the complex shape required so 
of a conical spiral. 

The RF coil can be wrapped into a conically shaped 
spiral with the aid of a winding jig 280 shown in side view 
in FIG. 23. The winding jig 280 is formed in the shape 
of a ziggurat, that is, a generally conical body having a ss 
circular or otherwise oblate base. A gentle spiral incline 
or terrace 282 winds around the jig 280 from bottom to 
top. The incline surface runs along a path always in- 



clined to the base of the conical body, and its transverse 
extent is approximately parallel to the base, although a 
recess may be formed in the incline 282 to conform to 
the cross section of the induction wire 262. Viewed in 
cross section, the single incline 282 presents the ap- 
pearance of multiple steps. The wire as it is wound fol- 
lows the spiral incline 282 leading around the ziggurat 
jig. A constant pitch jig is shown, both the axial and radial 
pitches between successive wraps being constant, but 
a variable pitch jig follows the same principle. 

Figure 24 shows a single-piece dome 230', another 
embodiment of the invention. The cross-sectional view 
shows an upper portion of the processing chamber 
made from a single piece of material, e.g., silicon or sil- 
icon carbide. The one-piece construction eliminates the 
need for O-rings at the rim between the conical sidewall 
and the generally flat top, a possible failure mechanism 
in the harsh environment associated with an etch reac- 
tor. 

Two flex heater assemblies 270, 286 are disposed 
respectively on a conical portion 238 of the dome 230* 
and on a generally planar roof portion 290. Two cooling 
rings 292, 294 are disposed respectively at the bottom 
of the dome 230' and above the flex heater assembly 
286 on the roof portion 290 of the dome 230'. The con- 
ically shaped flexible heater 270, similar to the descrip- 
tion above with reference to FIGS. 18-20, is mounted 
inside of the RF coil 262. The one-piece dome 230' acts 
as both the conical dome and roof of the earlier de- 
scribed chambers The sidewalls 288 are conically 
shaped, but the inner surface of the conical portion may 
be more complexly shaped. On the other hand, the top 
290 may have a slight arch on its inside surface for me- 
chanical strength but has a planar upper and outer sur- 
face for facilitating thermal contact. In general the 
height of the arch is limited to 10% of its diameter 

The one-piece dome 230* includes a lower, down- 
wardly extending plasma shield flange 296 and an out- 
wardly extending outer support flange 298. The lower 
cooling ring 292, which also acts as a sealing ring, is a 
modification of the lower seal ring 176 described previ- 
ously with reference to Fl G. 1 2. It includes a cooling fluid 
passage 300 through which cooling fluid can pass, as 
well as a channel for a resilient thermal transfer pad 302 
and an O-ring 304 as well as a groove 306 to receive a 
conductive O-ring like element. The configuration also 
includes the annular roof heater 286 (preferably having 
a rating of 1 .5 kW — similar to the rating of the conical 
flex heater also having a 1 .5 kW rating). The annular 
roof cooling ring 294, which includes a cooling fluid pas- 
sage 295, is glued to the annular flex heater 286 to pro- 
vide temperature control for the roof. This configuration 
provides bilateral cooling for the angled surfaces of the 
chamber. 

In this configuration, a cylindrically shaped, second- 
ary coil 308 multiply wrapped along the vertically sym- 
metric axis of the reactor can be placed along the center 
axis on the top of the one-piece dome 230" to adjust or 
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enhance the magnetic field and resultant electric field 
and plasma density in the chamber and provide an in- 
crease in the uniformity of the plasma density near the 
center of the wafer in a processing chamber, thereby 
eliminating the void in the plasma that tends to occur at 
the center of a plasma generated by a set of surrounding 
coil windings. The roof coil 303 may be commonly pow- 
ered with the conical sidewall coil 262, but the power 
can be selectively split between the two to adjust the 
plasma density distribution in the chamber An RF power 
splitting circuit will be described later. The use of the an- 
nular heater ring 286 and annular cooling ring 294 dis- 
posed in different areas on the flat roof portion 290 al- 
lows the secondary coil 306 to be placed adjacent to the 
roof portion 290 of the dome 230'. It is of course appre- 
ciated that the flat area of the roof portion 290 underlying 
the heater ring 286 may be stepped from the flat area 
underlying the secondary coil 306 while still allowing 
some radial differential expansion. 

The secondary coil 308 in combination wilh the side 
conical coil 262 of the reactor of FIG. 24 offers many 
advantages over the pancake coil of FIG. 4. The side 
coil 262 is the primary coil, typically being RF powered 
to the level of 2000 to 3000W to largely support the plas- 
ma within the chamber while the secondary coil 308 is 
used only to tune the field and field uniformity. Its RF 
power level is in the neighborhood of 500 to 1 000W. Ac- 
cordingly, the most heat is generated on the mechani- 
cally strong conical wall 288 ; and a lesser amount of 
heat is generated on the generally flat roof 290, which 
suffers from a relatively weak mechanical configuration. 

The configuration can be modified so that a planar 
heater pancake be placed above the roof portion 290. 
The heater pancake may be adapted from the flexible 
heater assembly 270 of FIG. 18 or the rigid heater ele- 
ment 212 of FIG. 12 with appropriate modifications for 
the changed geometry. A pancake RF coil may then be 
placed outside of the heater pancake having a heater 
wire arranged as a Faraday shield. 

Regardless ofthe configuration, the one-piece 
dome 230* can be temperature controlled to a fine de- 
gree to promote process control and uniformity The var- 
ious monitoring and control equipment is not illustrated 
for the one-piece dome 230' since it does not significant- 
ly differ from that of the previously described multi-piece 
dome. 

The heat flow of the invention will now be compared 
lo the prior art. Figure 25 shows the conceptualized heat 
flow and temperature gradients across and through the 
cylindrical sidewall of the processing chamber shown in 
the priorart configuration of FIG. 7. The large arrowhead 
arrows 330 represent the thermal energy flow from the 
processing space within the chamber 332. The vertical 
chamber wall 334 transfers this thermal energy by con- 
duction to its upper end 336, which is in contact with a 
roof 338 of the chamber containing cooling elements 
(not shown). The induction coil 340 supported by 
grooves of an outside ring 342 are located outside the 
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wall of the chamber. A gap 344 between the outside wall 
of the chamber and the inside surface of the outside ring 
342 restricts the rate of heat transfer directly between 
the outside ring 342 and the wall 334 of the chamber, 

s but the gap 344 is essential to prevent fracturing that 
would occur during thermal cycling if there is no gap in 
the cylindrical geometry. During times when the process 
is idle, the outside ring 332 is heated by a ring heater 
element 346 encircling a lower portion of the outside ring 

io 342. The tapered arrowhead arrows 348 show the flow 
of thermal energy from the heater element 346 toward 
the roof heat sink 350. The gap 344 prevents the uniform 
and efficient transfer of thermal energy across the gap 
between the wall 334 of the chamber and the outside 

is ring 342. Furthermore, the chamber wall 334 is typically 
made of quartz, a poor thermal conductor. Thereby, it 
becomes difficult to temperature control the chamber 
wall 334 to prevent large temperature variations, either 
large spatial gradients or temporal variations during 

20 temperature cycling. 

Figure 26 shows the conceptualized heat transfer 
for the conical configuration ofthe invention as shown in 
FIG. 10. The heat flow from the process is again repre- 
sented by large arrowhead arrows 360. In this configu- 

25 ration, a heat sink 362 is located in a conical cooling ring 
364 behind a heater ring 365 and an induction coil 366 
and its support ring 368. The thermal energy from the 
process therefore flows as shown by the stubby arrows 
— laterally through a wall 370 of the chamber, through 

30 the coil support ring 368, through the heater ring 365 
and into the cooling ring 364. In the process idle mode, 
the heater ring 365 is electrically energized, and thermal 
energy flows as shown by the tapered-arrowhead ar- 
rows 374. The closely mating conical surfaces between 

35 the heater ring 365, induction coil support ring 368, and 
chamber wall 370 maintain good thermal contact be- 
tween the members 365, 368, 370 despite temperature 
cycling and temperature differences, that produces dif- 
ferential thermal expansion. Furthermore, the heat flow 

40 occurs for only relatively short distances over a broad 
front, thus providing good temperature control for the 
wall 370 of the chamber during both the idle and process 
modes. 

Figure 27 shows the conceptualized heat transfer 
45 in the embodiment of the resistive thermal blanket 
shown in detail in FIGS. 18 and 19. The heater blanket 
270 is mounted right on the conical wall 130 of the 
processing chamber inside of the RF coil 262. Heal from 
both the process during chamber use and from the heat- 
50 er element 270 during times when the process is idle 
flows through the chamber wall 130. Preferably, the 
chamber wall 130 in this instance is constructed of a 
good conductor ofthe rmal energy, such as polysilicon or 
silicon carbide. The chamber wall 130 conducts the heat 
55 laterally to the cooling ring 174 at the base of the wall 
130. The highly thermally conductive wall material as- 
sures a low magnitude thermal gradient from the top of 
the wall to the bottom of the wall. The differential is es- 
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timated to be in the range of 5 to 20°C. 

Figure 28 shows the conceptualized heat transfer 
in the one-piece dome 230' shown in FIG. 24. In this 
configuration, the flow of thermal energy from the proc- 
ess within the chamber flows to the two heat sink rings 5 
292, 294 positioned respectively below and above of the 
conical portion 288 of the one-piece dome 230'. The one 
at the base of the chamber wall 288 has a configuration 
similar to that shown in FIG. 27, and the other one is 
designed on ly somewhat differently to accommodate its to 
position on the roof portion of the integrated structure 
including the chamber wall and roof. The thermal gradi- 
ents in this configuration are still further reduced from 
that shown in the configuration of FIG. 27 because the 
distances over which the thermal energy has to be con- is 
ducted are substantially reduced. This configuration 
therefore has the potential to provide very good temper- 
ature control of the wall of the chamber. 

The various aspects of the invention enables the 
design, fabrication, and operation of a plasma reactor 20 
chamber that is particularly advantageous for oxide 
etching. As shown in the schematic side illustration in 
FIG. 29 : the plasma within the chamber is supported 
both inductively and capacitively. An RF power supply 
452 supplies RF electrical power to the inductive coil 2s 
180 on the outside of the conical dome 1 30. Another RF 
power supply 454 supplies RF electrical power between 
the conductive roof 236 and the pedestal 52 supporting 
the wafer 50 being etched. Two blocking capacitors 456, 
458 block any self-biasing DC voltages developed on 30 
the roof 236 and the pedestal 52 from the RF power sup- 
ply 454. The blocking capacitors are, for example, 1(jF 
vacuum capacitors having small impedance in the low- 
megahertz range of RF typically being used. The auto- 
mated controller 470 activates and sets the power levels 35 
for the two RF power supplies 452 : 454. For an oxide 
etching process with a fluorocarbon etchant, both the 
roof 236 and the conical wall 130 are preferably com- 
posed of a fluorine scavenger. For example, the roof 236 
may be composed of polysilicon, silicon carbide, or 40 
glassy carbon while the conical wall, because it should 
not be highly conductive, may be composed of polysili- 
con or silicon carbide. The choice of material and its con- 
ductivity depends upon the mode of operation expected 
of the reactor. A silicon or silicon carbide ring 460 sur- 45 
rounds the pedestal 52 so that the plasma interacts with 
a silicon-containing material rather than one containing 
metal contaminants. A collar 462 of silicon carbide or 
quartz, although silicon carbide has a longer lifetime, is 
fit into an annular recess of the pedestal 52 around the so 
outer periphery of the wafer 50 so as to protect the ped- 
estal 52 from the plasma. 

The scavenging of the roof 236 is activated by RF 
biasing rather than thermal energy because the elec- 
trode RF power supply 454 can selectively split power 55 
between the two electrodes 52, 236. The power splitting, 
schematically illustrated in FIG. 30, divides the RF pow- 
er between the wafer pedestal 52 and the roof 236. A 
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standard RF power supply 464 is connected through an 
unillustrated RF matching circuit to the primary of a split- 
ting circuit 466, such as a wide-band 1 : 1 electrical trans- 
former which includes a several taps on its secondary 
that can be selectively grounded through a commutator 
switch 468. The grounding potential of the transformer 
466 is referenced to the conical wall 130, which is also 
grounded. However, other fixed voltages can be used 
to reference the transformer 466. Because of the block- 
ing capacitors 456, 458, the transformer ground is used 
to split power and not to control the DC potential on the 
electrodes 52, 236. The position of the switch 468 de- 
termines the splitting ratio of the RF power supplied to 
the pedestal 52 and to the roof 236. Other types of RF 
power splitting can be used, as is well known. The con- 
ventional power splitting ratio, as taught by Ogle et al., 
is 50:50, but for oxide etching as applied to this invention 
lower splitting ratios are preferable, that is, more RF 
power is delivered to the pedestal 52 than to the roof 
electrode 236. 

With a substantial amount of RF bias applied to the 
roof 236, the silicon in the roof 236 is activated. Thereby, 
the roof 236 can be kept at a lower temperature than is 
possible when relying upon thermal activation of itself. 
The low operating temperatures provided by the inven- 
tion relax the thermal requirements of the system, thus 
simplifying its design and increasing the lifetimes of its 
parts. Also, since the fluorine scavenging is controlled 
by the RF energy applied to the counter-electrode rather 
than by the temperature assumed by the counter-elec- 
trode during complex thermal cycling, the etching proc- 
ess can be more definitely controlled. Furthermore, the 
tight temperature control of the conical wall 130 and oth- 
er parts provided by the invention also allows more com- 
plete control of the etching process. 

The conically shaped wall is directly related to the 
superior scavenging control and thus selectivity afford- 
ed by the reactor for oxide etching. The conical shape 
not only allows the side inductive coupling to overlie the 
wafer and thus increase plasma uniformity, but also ac- 
commodates a counter-electrode that is approximately 
the same size as the wafer being etched. As a result, 
the diode effect can be reduced, thus producing a lower- 
energy flux of excited etchant particles. Also, the smaller 
size of the counter-electrode, when it is composed of a 
fluorine-scavenging material, allows a relatively small 
amount of RF power split to the counter-electrode to ad- 
equately activate the scavenging species. Power split- 
ting ratios of 10:90, 20:80, and 25:75 have been tested. 
The 20:80 power splitting ratio produces the best selec- 
tivity and a wide process window without etch stopping. 
The RF activation of the silicon scavenger also allowed 
operation at much lower temperatures, tests having 
been extended down to roof temperatures in the range 
of 135~140°C. A bi-level process has been achieved 
with roof temperatures in the 140 to 180°C range, al- 
though 150°C is preferred. 

An automated controller 470 illustrated in the block 
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diagram of FIG. 31 controls the plasma etching reactor. 
Selected amounts of RF power are applied to the cham- 
ber to activate the plasma through the RF power sup- 
plies 452, 434. The temperature is monitored from the 
two thermocouples 426, 430. In response to both the 
applied RF power and the measured temperatures, 
chilling water is selectively pumped by pumps 173, 221 
and heat is injected through the heater supply 215. Of 
course, a differing number of thermal control elements 
and RF supplies may be used within the spirit of the in- 
vention. The automated controller 470 also controls the 
process gas flow, vacuum pumping, and other process 
parameters. The automated controller 470 follows a 
process recipe input to it on a transferrable recordable 
medium 472, such as a floppy disk or a CD-ROM, or 
input over a communication link 474. 

The configuration can be modified so that a planar 
heater pancake be placed above the roof portion 290. 
The heater pancake may be adapted from the flexible 
heater assembly 270 of FIG. 18 or the rigid heater ele- 
ment 212 of FIG. 12 with appropriate modifications for 
the changed geometry. A pancake RF coil may then be 
placed outside of the heater pancake having a heater 
wire arranged as a Faraday shield. 

There arc many variations and combinations of the 
previously described reactors which offer distinct ad- 
vantages in different applications. 

A related design, illustrated in the schematical 
cross-sectional view of FIG. 32 is adapted from the mul- 
ti-piece chamber of FIGS 10 and 11 but incorporates 
powering features of the single-piece chamber of FIG. 
24. A secondary coil 308 is placed in back ofthe disk- 
shaped roof 236 while the primary coil 180 is placed in 
back of the conical dome 130, preferably principally 
formed of sintered silicon carbide with a resistivity of 
greater than 1 0 5 Q-cm. The secondary coil 308 can have 
a solenoidal shape, as illustrated, or may be a pancake 
coil, as in FIG. 4. The secondary coil 308 is intended to 
tune the magnetic field and the plasma distribution with- 
in the chamber by inductively coupling a relatively small 
amount of RF power through the roof 236 while the pri- 
mary coil 180 inductively couples the major part of the 
RF power into the chamber through the conical dome 
130. RF power ratios of 3:1 to 4:1 are typical, as was 
explained for the reactor of FIG. 24. 

The roof 236 may be principally formed of insulating 
silicon carbide with a perhaps a thin surface layer of con- 
ductive CVD silicon carbide to effect either grounding or 
capacitive biasing. In a simpler design, the roof 236 may 
be formed of polysilicon with resistivity in the neighbor- 
hood of 20 to 40Q-cm so that it both passes the mag- 
netic field from the secondary coil 308 while also main- 
taining a grounding plane or RF biased electrode. How- 
ever, polysilicon is a relatively fragile material and large 
flat shape is mechanically weak. Thermal stresses to the 
polysilicon roof 236 need to be minimized between pe- 
riods of operation and inactivity. The reduced power de- 
livered to the secondary coil 308 does reduce the stress- 
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es to the roof 236 while the larger thermal stress asso- 
ciated with the primary coil 1 80 is delivered to the strong- 
er conical dome 130 of more robust material. Hence, 
even greater advantages are obtained by the reduced 
5 power delivered to the secondary coil in back of the sil- 
icon roof 236 

The conical dome may be applied to reactors not 
utilizing RF inductive coupling. In the reactor illustrated 
in FIG. 33, both the conical dome 130 and the roof 236 
io are formed of conductive materials and are grounded 
while the pedestal 52 is powered by the RF source 56. 
This configuration is useful for standard reactive ion 
etching (R1E). In the reactor illustrated in FIG. 34, the 
conical dome 136 is grounded, and the power splitting 
is RF source 454 is connected between the roof 236 and 
the pedestal 52 and delivers RF power to both of them. 
This configuration is useful for power split RIE, similar 
to that described in the aforecited patent to Ogle et al. 
The various configurations involving the conical 
20 dome demonstrates that one basic design can be im- 
plemented for a number of distinctly different processes. 
Different chambers may be designed with minor modi- 
fications from a generic design, thus simplifying the de- 
sign and reducing the parts count. Alternatively, a single 
25 chamber can be used in a number of process modes by 
simply adjusting the electrical biasing conditions, both 
the capacitively coupled roof236 } conical dome 1 30, and 
pedestal 52 and the inductively coupled primary coil 1 80 
and second coil 308 
30 An example of a universal chamber is schematically 
illustrated in the cross-sectional view of FIG. 35. A 
switch 480 can direct the RF power from the capacitive 
RF source 464 either solely to the pedestal 52 or to the 
conical wall 1 30 or can direct it through the power-split- 
35 ting circuit 466 to between the roof 236 and the pedestal 
52. It may be useful to RF bias the wall 1 30, for example , 
to clean it. A switch 482 connected to the pedestal 52 
can selectively connect it to either ground ; directly to the 
RF power source 464, or to the electrode power splitting 
40 circuit 466. Similarly, a switch 484 connectedto the con- 
ductive inner wall of the composite silicon carbide con- 
ical dome 130 can bias the conical dome 136 either to 
ground, to a floating position, or directly to the RF power 
source 464. A switch 236 connected to the roof 236 se- 
45 lectively grounds the roof or biases it through the elec- 
trode power splitting circuit 466. In the universal embod- 
iment, the roof 236 must be electrically biasable and 
transmit RF power from the secondary coil 308. Thus, 
it may be formed of resistive polysilicon or of resistive 
so sintered silicon carbide with a conductive CVD coating 
of silicon carbide on its interior. The inductive RF power 
source 452 is selectively connected through a switch 
488 to a coil power splitting circuit 490 which selectively 
splits the RF current between the primary coil 180 out- 
55 side the conical dome 1 30 and the secondary coil 308 
atop the roof 235 in a proportion to optimize the mag- 
netic field distribution inside the chamber. The controller 
470 selects the positions of the switches 480, 482, 486, 
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488 and the power-splitting ratios of the power-splitting 
circuits 466, 490. It is understood that grounding in the 
context of an RF plasma reactor includes biasing the 
part at a predetermined DC potential. It is also under- 
stood that FIG. 35 is intended to be only schematical in 
form and the actual electrical circuitry may be of different 
form while providing equivalent functionality. 

The use of the automated controller 470 enables an 
inventive method of controlling the temperature of a wall 
of a plasma vacuum processing chamber. The method 
includes the steps of providing a sidewall of the vacuum 
processing chamber preferably composed of a polysili- 
con or silicon carbide having a bulk thermal conductivity 
greater than a similarly configured sidewall constructed 
of quartz. The sidewall has a first surface facing a sub- 
strate processing location in the chamber and an outer 
second surface opposite the first surface. Preferably, 
the second surface is conically shaped. A heating mem- 
ber is placed in thermal contact with a second side of 
the sidewall, having a primary orientation of a heater el- 
ement pattern routed in a back and forth pattern with a 
substantial portion of the pattern of the heater element 
running approximately parallel to one another. The 
chamber is provided with a induction coil running gen- 
erally circularly around the first surface of the chamber 
wall, and an RF power source is selectively controlled 
to at least partially energize a processing plasma in the 
chamber. The heater element is controlled by an elec- 
trical source to provide an input of thermal power to the 
sidewall approximately equal to the thermal power input 
received in the wall from the RF coil as well as other 
contributions from the plasma formed within the 
processing chamber. The main portions of the heating 
wire of the heater element are configured to run approx- 
imately perpendicular to the induction coil with parallel 
portions near the induction coil being connected by 
bends located away from the induction coil. A cooling 
ring is placed adjacent to one or more ends of the side- 
wall, and a planar or conical connection between the 
sidewall and the cooling ring is established to provide 
thermal and electrical conductivity between them. The 
cooling fluid passage to provide the transfer of thermal 
energy between the cooling ring and a thermal transfer 
fluid passing therethrough. Thermal transfer fluid is run 
continuously through the cooling fluid passage. The 
temperature of the sidewall is maintained nearly con- 
stant by not providing power to the heater element when 
there is no plasma present in the processing chamber 
and providing power to the heater element when there 
is no plasma present in the processing chamber. Pref- 
erably, the heater wire is positioned between the induc- 
tion coil and the chamber wall so as to act as a Faraday 
shield. 

Another embodiment of a method of maintaining a 
temperature of a sidewall of a processing chamber com- 
prises the steps of providing a chamber side wall; pro- 
viding an induction coil around the sidewall, the wire of 
the coil wrapped around and being configured perpen- 



dicular to a central axis of the chamber; providing a heat- 
er element between the coil and the sidewalL the heater 
element having a pattern where a substantial portion of 
the element runs approximately parallel to the central 
s axis of the chamber and perpendicular to the wire in the 
coil. 

The inventive conical shape of the chamber thus 
provides numerous processing advantages, particularly 
for temperature control and plasma uniformity, in a me- 
10 chanical structure that is strong and easily manufac- 
tured. Other inventive features complement the use of 
such a conical plasma chamber, particularly for use as 
an oxide etch reactor. 

Although the invention is particularly useful for ox- 
*5 ide etchers, it can easily be adapted to reactors intended 
for etching other materials. Furthermore, most aspects 
of the invention can be applied to reactors intended for 
chemical vapor deposition, which shares many mecha- 
nisms with etching. Some aspects of the invention can 
20 be applied to other vacuum processing equipment, es- 
pecially as used for semiconductor fabrication. 

While the invention is described with regards to spe- 
cific embodiment change can be made in form and detail 
without departing from the spirit and scope of the inven- 
ts tion. 



Claims 

30 1. A plasma vacuum processing chamber, comprising: 

a chamber wall having a conical portion with an 
inner wall surface facing a substrate processing 
location in the chamber and with a conically 
35 shaped outer wall surface opposite said inner 

wall surface; and 

a conically shaped induction coil having multi- 
ple progressively expanding windings disposed 
proximate to said outer surface. 

40 

2. The plasma vacuum processing chamber as in 
Claim 1 , wherein said inner wall is conically shaped. 

3. The plasma vacuum processing chamber as in 
45 Claim 1, 

wherein said conical portion of said dome is a 
frustum of a right circular cone, and 
further comprising a counter electrode dis- 
so posed at a top edge of said frustum of said right 

circular cone. 

4. The plasma vacuum processing chamber as in 
Claim 3, further comprising: 

55 

a pedestal for supporting a wafer to face said 
counter electrode; and 

an RF power source connected between said 
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pedestal and said counter electrode. 

5. The plasma vacuum processing chamber as in 
Claim 4, wherein said counter electrode and said 
pedestal have approximately same surface areas 
facing each other 

6. The plasma vacuum processing chamber as in 
Claim 1, wherein said multiple progressively ex- 
panding windings are evenly spaced have an ap- 
proximately constant pitch. 

7. The plasma vacuum processing chamber as in 
Claim 1, wherein said multiple progressively ex- 
panding windings are not evenly spaced and have 
a variable pitch. 

8. The plasma vacuum processing chamber as in 
Claim 1, further comprising: 

an electrically conductive support ring having 
an annular ledge supporting a lower rim of said 
chamber wall and an annular wall surrounding 
an outside of said lower rim and having an an- 
nular groove formed therein facing said lower 
rim; and 

a conductive spring member fit in said groove 
and contacting said lower rim. 

9. The plasma vacuum processing chamber as in 
Claim 8, wherein said support ring further includes 
a generally annular fluid cooling channel formed 
therein. 

10. The plasma vacuum processing chamber as in 
Claim 1, further comprising: 

a roof of said chamber disposed over an end of 
said conical portion opposite said processing 
location; and 

a second induction coil placed over said roof 

11. The plasma vacuum processing chamber as in 
Claim 10, 

wherein said roof includes a substantially flat 
outer surface portion, and 
further comprising a thermal control element 
contacting said roof in said substantially flat 
outer surface portion. 

12. The plasma vacuum processing chamber as in 
Claim 1, further comprising: 

a roof member forming the top of a truncated 
edge of said conical portion of said wall, where- 
in an inner side of said roof member is exposed 
to said substrate processing location and said 



roof member has an outer side opposite said 
inner side; and 

a helical wire coil having a cylindrical axis, said 
helical wire coil being disposed in proximity to 

5 said outer side of said roof member approxi- 

mately centered within said truncated edge of 
said cone portion with an end of said cylindrical 
axis of said helical wire coil pointing toward an 
approximate center of said substrate process- 

10 ing location. 

13. The plasma vacuum processing chamber as in 
Claim 12, 

wherein the roof member is integral with said 
is conical portion of said chamber wall forming a roof 
cone member. 

14. The plasma vacuum processing chamber as in 
Claim 12, 

20 wherein said roof cone member is formed of 

polysilicon material. 

15. The plasma vacuum processing chamber as in 
Claim 12, 

25 wherein said roof cone member is formed of 

silicon carbide material. 

16. The plasma vacuum processing chamber as in 
Claim 12 ; wherein an end of said helical wire coil is 

30 connected in series to an end of said conically 
shaped induction coil. 

17. The plasma vacuum processing chamber as in 
Claim 1 6, wherein a coil power splitting circuit is pro- 

35 vided to set the effect of the electric field induced 
by the helical wire coil in comparison to the electrical 
field induced by the conically shaped induction coil. 

18. The plasma vacuum processing chamber as in 
40 Claim 1 , 

wherein said induction coil is housed in a ther- 
mally conductive substantially rigid dielectric mem- 
ber having a conically shaped inside surface con- 
figured to provide surface contact for heat transfer 

45 between said outer wall surface of said wall and 
said inside surface of said dielectric member, 
wherein a sliding movement between the outer wall 
surface of said chamber wall and the inside conical 
surface of said dielectric member accommodates 

so motion due to changes and differences in tempera- 
tures between the chamber wall and the dielectric 
member. 

19. The plasma vacuum processing chamber as in 
55 Claim 18, wherein said dielectric member compris- 
es a ceramic body. 

20. The plasma vacuum processing chamber as in 



22 



<EP 0838841 A2J_> 



41 

Claim 18, wherein said dielectric member includes 
a heating element to heat said member and said 
side wall, said heating element being disposed out- 
side said induction coil. 

21. The plasma vacuum processing chamber as in 
Claim 18, wherein said heating member is embed- 
ded in an outer cone shaped ring portion of said di- 
electric member, which is fixed to an inside cone 
shaped ring member through a thermally transmis- 
sive connection. 

22. The plasma vacuum processing chamber as in 
Claim 18, wherein a cooling ring is attached to an 
outside surface of said dielectric element, said cool- 
ing ring being in thermal contact with said dielectric 
member, said cooling ring having a cooling fluid 
passage therethrough to pass thermal transfer fluid. 

23. A plasma vacuum processing chamber as in Claim 
1, 

wherein said chamber wall comprises a coni- 
cally shaped dielectric chamber sidewall con- 
structed of a silicon-containing material and 
having a first surface facing a substrate 
processing location in said chamber and a sec- 
ond surface opposite said first surface; 
a heating member in thermal contact with a sec- 
ond side of said sidewall; 
wherein said induction coil is configured to sur- 
round said chamber sidewall and said heating 
member, said coil being disposed and config- 
ured when energized to induce a gas at said 
substrate processing location to form a plasma; 
a cooling ring disposed adjacent to one end of 
said sidewall, wherein a connection between 
said sidewall and said cooling ring is estab- 
lished to provide thermal conductivity between 
them, wherein said cooling ring includes a cool- 
ing fluid passage to provide the transfer of ther- 
mal energy between the cooling ring and a ther- 
mal transfer fluid passing therethrough. 

24. A plasma vacuum processing chamber comprising: 

a conically shaped induction coil having mul- 
tiple progressively expanding windings, wherein an 
inside of a conically shaped imaginary surface 
formed by connecting said windings is disposed 
substantially parallel to a wall of said chamber to 
face a substrate processing location in said cham- 
ber. 

25. The plasma vacuum processing chamber as in 
Claim 23, wherein said wall of said vacuum 
processing chamber is disposed between said sub- 
strate processing location and said induction coil. 
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26. The plasma vacuum processing chamber as in 
Claim 25, wherein said wall of said vacuum 
processing chamber is formed of polysilicon mate- 
rial. 

5 

27. The plasma vacuum processing chamber as in 
Claim 25, wherein said wall of said vacuum 
processing chamber is formed of silicon carbide 
material. 

10 

28. A plasma reactor, comprising: 

a pedestal for supporting on a supporting sur- 
face a substrate to be processed in said cham- 
15 ber; 

a chamber wall including a conical portion fac- 
ing said supporting surface; and 
a generally planar roof disposed at a rim of said 
conical portion away from said pedestal and 
20 facing said supported substrate. 

29. The plasma reactor of Claim 28, further comprising 
an inductive coil disposed on an outer surface of 
said roof. 

25 

30. The plasma reactor of Claim 28, wherein said roof 
comprises an electrode further comprising an RF 
power source connectable between said pedestal 
and said electrode. 

30 

31. The plasma reactor of Claim 30, wherein said RF 
power source includes a power splitting circuit pro- 
viding R F power to both said pedestal and said elec- 
trode. 

35 

32. The plasma reactor of Claim 30, wherein said power 
splitting circuit splits said RF power in selected ra- 
tios to said pedestal and to said electrode. 

40 33. The plasma reactor of Claim 30, wherein said RF 
power source provides power to said pedestal and 
said electrode is held atnical portion; and 

a second RF power source selectively power- 
ing said inductive coil. 

45 

34. The plasma reactor of Claim 28, wherein said roof 
comprises an electrode and further comprising 
power and ground means selectively connectable 
to said pedestal, said conical portion, and said elec- 

so trode. 

35. A plasma processing chamber comprising: 

a substrate support disposed inside of said 
55 chamber having a supporting surface on which 

a substrate is supportable: 
a wall forming a part of said chamber facing 
said supporting surface and having a conically 
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shaped outer surface; 

a thermal control element having a conically 
shaped inner surface slidably contactable with 
said conically shaped outer surface of said wall 
so as to conduct heat between said wall and 
said thermal control element. 

36. The plasma processing chamber of Claim 35, 
wherein said thermal control element is substantial- 
ly rigid. 

37. The plasma processing chamber of Claim 36, 
wherein said thermal control element comprises a 
ceramic. 

38. The plasma processing chamber of Claim 35, 
wherein said thermal control element includes a 
cooling fluid channel therethrough. 

39. The plasma processing chamber of Claim 38, 
wherein said thermal control element additionally 
includes an resistive heater. 

40. The plasma processing chamber of Claim 35, 
wherein said thermal control element includes an 
electrical resistive heater. 

41. A plasma processing chamber comprising: 

a vacuum chamber having a side wall; 
an induction coil wrapped around said side wall; 
a heater positioned adjacent to said induction 
coil and to said side wall and comprising a heat- 
er wire comprising substantially straight por- 
tions running substantially perpendicular to 
said induction coil and bent portions connecting 
said straight portions positioned further away 
from said induction coil than central parts of 
said straight portions, thereby forming a Fara- 
day shield operatively between said induction 
coil and said vacuum chamber. 

42. The plasma processing chamber of Claim 41, 
wherein said side wall is conically shaped. 

43. The plasma processing chamber of Claim 42, 
wherein said heating wire of said heater is disposed 
between said induction coil and said side wall. 

44. The plasma processing chamber of Claim 41, 
wherein said heating wire of said heater is disposed 
between said induction coil and said side wall. 

45. A joint between two chamber parts in a plasma re- 
actor including a first generally cylindrical chamber 
body having a first rim and a second generally cy- 
lindrical chamber body having a second rim, said 
joint including: 



a sealing ring fittable between said first and 
second rims and including 

an outer rim extending generally axially 
5 with said two chamber bodies, and 

an inner lip extending radially inwardly from 
said outer rim to between said f i rst and said 
rims; and 

io first and second resilient pads disposed be- 

tween said inner lip and said first and second 
rims respectively. 

46. The joint of Claim 45, further comprising two annu- 
is lar elastic sealing members disposed in respective 

spaces between respective ones of said resilient 
pads and said outer rim of said sealing ring. 

47. The joint of Claim 45: 

20 

wherein sealing rim is electrically conductive 
and wherein said outer rim of said sealing ring 
includes an annular groove formed in a radially 
inner side thereof facing said first chamber 
25 body; 

and further including an elastic electrically con- 
ductive member fit in said groove and contact- 
ing said first chamber body. 

30 48. The joint of Claim 47, wherein said elastic electri- 
cally conductive member comprises a tubular metal 
body. 

49. The joint of Claim 48, wherein said tubular metal 
35 body comprises a spirally wrapped metal strip. 

50. The joint of Claim 45, further including a fluid cooling 
channel formed in said sealing ring. 

40 51. A heater for a chamber having a conically shaped 
wall, comprising: 

a body having a shape of a segment of a circle 
flexibly fittable around a major portion of said 
45 conically shaped wall; and 

an resistive heater embedded in said body hav- 
ing a wire disposed in a serpentine path along 
said segment. 

so 52. The heater of Claim 51 , wherein said body compris- 
es two sheets sandwiching said resistive heater. 

53. The heater of Claim 51, wherein said serpentine 
path includes straight portions substantially parallel 
55 to radii of said segment and bent portions connect- 
ing said straight portions disposed between said 
straight portions and arc edges of said segment. 
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54. A plasma vacuum processing chamber, comprising: 

a chamber having a side wall having an inside 
surface facing a substrate processing location, 
and an outside surface opposite said inside sur- 
face, wherein said sidewall is substantially 
symmetric about a central vertical axis of said 
vacuum processing chamber; 
a thermal heater in intimate thermal contact 
with said outside surface, wherein a pattern 
formed by a heating element of said thermal 
heater follows a serpentine path having a series 
of longitudinal element sections routed approx- 
imately at a same inclination angle with respect 
to the central vertical axis, wherein in the cen- 
tral body ofthe heater each longitudinal section 
is connected to an adjacent longitudinal section 
through alternating patterns of top and bottom 
lateral stub connections; and 
an induction coil disposed proximate lo said 
outside surface of said sidewall and outside of 
said thermal heater and between said top and 
bottom lateral stub connections, wherein the 
wire of said coil is routed around said central 
vortical axis of said vacuum processing cham- 
ber and generally parallel to the direction of 
said lateral stub connections and perpendicular 
to said longitudinal sections of said heating el- 
ement. 

55. The plasma vacuum processing chamber as in 
Claim 54, wherein the side wall is conically shaped. 

56. The plasma vacuum processing chamber as in 
Claim 55, wherein the induction coil is conically 
shaped. 

57. The plasma vacuum processing chamber as in 
Claim 54, wherein the induction coil is conically 
shaped. 

58. The plasma vacuum processing chamber as in 
Claim 54, wherein said longitudinal sections extend 
only along respective planes including said central 
vertical axis. 

59. The plasma vacuum processing chamber as in 
Claim 54 : wherein said sidewall is cylindrically 
shaped. 

60. The plasma vacuum processing chamber as in 
Claim 54, wherein said wall of said vacuum 
processing chambe wherein said wall of said vacu- 
um processing chamber is formed of silicon carbide 
material. 

61. A plasma reactor, comprising: 



a pedestal for supporting a substrate; 
a roof of a vacuum chamber overlying said ped- 
estal; 

an annular heating element disposed in a first 
5 substantially flat area on said roof; and 

an inductive coil disposed in a second substan- 
tially flat area on said roof. 

62. The plasma reactor of Claim 61 , wherein said an- 
10 nular heating element is disposed radially outside 

of said inductive coil. 

63. The plasma reactor of Claim 62, further comprising 
a generally annular cooling member having a fluid 

J 5 passageway therethrough disposed on said roof ra- 
dially outside of said inductive coil. 

64. A method of controlling the temperature of a wall of 
a plasma vacuum processing chamber comprising 

20 the steps of: 

providing a sidewall of said vacuum processing 
chamber constructed of a silicon-containing 
material and having a first surface facing a sub- 
25 stratc processing location in said chamber and 

a second surface opposite said first surface; 
locating a heating member in thermal contact 
with a second side of said sidewall, having a 
primary orientation of a heater element pattern 
30 routed in a back and forth pattern with a sub- 

stantial portion of said pattern of said heater el- 
ement running approximately parallel to one 
another, the heater element being sized to pro- 
vide an input ofthermal energy to said sidewall 
35 approximately equal to the thermal energy in- 

put received from a plasma form the substrate 
processing location in said chamber; 
providing an induction coil in a configuration to 
surround said chamber sidewall and said heat- 
40 ing member, said wire of said induction coil be- 

ing configured to run approximately perpendic- 
ular to the portion of said heater element run- 
ning approximately parallel to one another, said 
coil being disposed and configured when ener- 
45 gized to induce a gas at said substrate process- 

ing location to form a plasma; 
providing a cooling ring disposed adjacent to 
one end of said sidewall, wherein a connection 
between said sidewall and said cooling ring is 
50 established to provide thermal and electrical 

conductivity between them, wherein said cool- 
ing ring includes a cooling fluid passage to pro- 
vide the transfer of thermal energy between the 
cooling ring and a thermal transfer fluid passing 
55 therethrough; 

continuously running thermal transfer fluid 
through said cooling fluid passage; and 
maintaining the temperature of the sidewall by 
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providing power to the heater element is in- 
verse relation to the presence of a plasma in 
said processing chamber. 

65. The method of Claim 64, wherein said maintaining 5 
steps does not provide power to the heater element 
when said plasma is present in said processing 
chamber and provides power to the heater element 
when no plasma is present in said processing 
chamber. 10 

66. A method of maintaining a temperature of a sidewall 
of a processing chamber comprising the steps of: 

providing a chamber side wall 15 
providing an induction coil around said side- 
wall, said wire of said coil wrapped around and 
being configured perpendicular toa central axis 
of said chamber; 

providing a heater element between said coil 20 
and said sidewall, said heater element having 
a pattern where a substantial portion of the el- 
ement runs approximately parallel to said cen- 
tral axis of said chamber and perpendicular to 
said wire in said coil. 25 

67. A method of etching a wafer, comprising the steps 
of: 

inductively coupling energy through a conical 30 
wall of a reaction chamber in which said wafer 
is disposed; 

establishing a voltage on said conical wall: 
monitoring a temperature of said conical wall 
and in response thereto maintaining said tern- 35 
perature of said wall within a predetermined 
range; and 

supplying an etching gas into said reaction 
chamber. 

40 

68. The etching method of Claim 67, wherein said etch- 
ing gas is a fluorocarbon and further comprising an 
electrode disposed opposite said wafer and com- 
prising a material selected from the group consist- 
ing of carbon and silicon. 45 

69. The etching method of Claim 68, wherein said con- 
ical wall comprises a material selected from the 
group consisting of polysilicon and silicon carbide. 

so 
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(54) Inductively coupled parallel-plate plasma reactor with a conical dome 



(57) A plasma reactor appropriate for fabrication, 
especially etching, of semiconductor integrated circuits 
and similar processes in which the chamber has a top 
comprising a truncated conical dome (1 30) and, prefer- 
ably, a counter electrode disposed at the top ofthe con- 
ical dome. An RF coil (180) is wrapped around the con- 
ical dome to inductively couple RF energy into a plasma 
within the chamber dome. The dome temperature can 
be controlled in a number of ways. A heat sink (138) can 
be attached tothe outside rim ofthe dome. A rigid conical 
thermal control sheath (21 2) can be tit to the outside of 
the dome, and any differential thermal expansion be- 
tween the two is accommodated by the conical geome- 
try, thus assuring good thermal contact. The rigid ther- 
mal control sheath can include resistive heating, fluid 
cooling, or both. Alternatively, a flexible resistive heater 
(270) can be wrapped around the dome inside the RF 
coil (262). The resistive heater includes a heater wire 
wound in a serpentine path that has straight portions 
overlying and perpendicular to the RF coil but has bends 
located away from the RF coil. The path prevents the 
heater wire from shorting the azimuthal electric field in- 
duced by the RF coil and also acts as a Faraday shield 
preventing capacitive coupling from the coil into the 
chamber plasma. 
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